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There is a theory which states that if ever anyone discovers exactly what the universe is 
for and why it is here, it will instantly disappear and be replaced by something even 
more bizarre and inexplicable. 
 
There is another theory which states that this has already happened. 
 
Douglas N. Adams,  
“The restaurant at the end of the world” 
table of contents 
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Summary 
Planktonic freshwater bacteria represent a fundamental compartment of lakes 
as they govern biogeochemical fluxes and play a crucial role in the aquatic food web. 
Seasonal changes in abundance, biomass, and activity status of bacteria seem to be 
triggered by changing nutrient regimes (bottom-up control) and grazing by 
heterotrophic protists (top-down control). The major aim of this PhD thesis was the 
exploration of these factors and the investigation of temporal and spatial fluctuations 
of different bacterial lineages in the oligo-mesotrophic Piburger See, Austria. The 
effects of increased or eliminated grazing pressure in combination with elevated or in 
situ nutrient concentrations, respectively, were studied in a laboratory- and a field 
experiment. Betaproteobacteria profited from high phosphorus concentrations, but 
were preferably ingested by heterotrophic flagellates. Other lineages, such as 
Cytophaga-Flavobacteria and Alphaproteobacteria appeared to be protected from 
size selective grazing by the formation of aggregates and filaments, whereas the 
small cell sizes of Actinobacteria served as a different strategy to escape predation. 
An extensive seasonal study at Piburger See showed that Actinobacteria – although 
numerically dominant – contributed marginally to total bacterial biomass, whereas 
rare Cytophaga-Flavobacteria – together with Betaproteobacteria – represented the 
bulk of the bacterial carbon pool. Seasonal fluctuations of Actinobacteria were found 
in the epilimnion, while Betaproteobacteria and Cytophaga-Flavobacteria 
represented maximum numbers and biomasses in the hypolimnion, concomitantly 
with oxygen depletion during summer stratification. Bacteria with active amino acid 
incorporation were mainly affiliated with Actinobacteria and Betaproteobacteria, while 
Cytophaga-Flavobacteria showed no affinity to the offered substrate. Moreover, we 
identified three lineages within Betaproteobacteria which accounted for most of 
betaproteobacterial diversity and occupied distinct spatial and ecophysiological 
niches in the lake. In general, the observed bottom-up and top-down factors had a 
pronounced impact on the competitive abilities of different bacterial lineages which 
resulted in shifts in the composition of the bacterial assemblage.  
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Zusammenfassung 
Planktische Bakterien sind entscheidende Komponenten von Seen, da sie 
einen Grossteil der biogeochemischen Stoffflüsse steuern und eine wichtige Rolle im 
aquatischen Nahrungsnetz spielen. Eine saisonale Sukzession der 
Zusammensetzung, Biomasse und Aktivität dieser Bakterien scheint in 
Zusammenhang mit Schwankungen in der Nährstoffzufuhr (‘bottom-up Faktoren‘) 
und Räuberdruck durch bakterivore Einzeller (‘top-down Faktoren‘) zu stehen. Ziel 
dieser Doktorarbeit war es, diese Faktoren zu untersuchen und die saisonale und 
räumliche Verbreitung unterschiedlicher Bakteriengruppen im oligo-mesotrophen 
Piburger See, Österreich, zu studieren. In einem Labor- und einem 
Freilandexperiment wurden die Auswirkungen von erhöhtem bzw. vermindertem 
Räuberdruck in Verbindung mit erhöhter bzw. in situ Nährstoffkonzentration 
untersucht. Dabei wurde festgestellt, dass Betaproteobacteria zwar von hohen 
Phosphorkonzentrationen profitieren, aber auch bevorzugt von bakterivoren 
Flagellaten ingestiert werden. Andere Bakteriengruppen, wie z.B. Cytophaga-
Flavobacteria oder Alphaproteobacteria schienen durch die Bildung von großen 
Aggregaten oder Filamenten einen gewissen Fraßschutz vor Einzellern zu genießen, 
während Actinobacteria durch ihre kleine Zellgrösse geschützt waren. Eine extensive 
saisonale Studie am Piburger See zeigte auf, dass Actinobacteria, obwohl sie 
zahlenmäßig dominierten, nur einen kleinen Teil zur bakteriellen Biomasse beitrugen, 
während seltene Cytophaga-Flavobacteria – neben Betaproteobacteria – zum 
Grossteil des bakteriellen Kohlenstoffes beitrugen. Actinobacteria zeigten saisonale 
Fluktuationen im Epilimnion, während Betaproteobacteria und Cytophaga-
Flavobacteria maximale Zellzahlen und Biomassen im Hypolimnion zeitgleich mit der 
Sauerstoffzehrung während der Sommerstagnation des Sees aufwiesen. 
Aminosäuren wurden vor allem von Actinobacteria und Betaproteobacteria aktiv 
aufgenommen, während Cytophaga-Flavobacteria keine Inkorporation der 
angebotenen Substrate zeigten. Ferner konnten wir drei Populationen von 
Betaproteobacteria identifizieren, die für den Grossteil der beobachteten Diversität 
verantwortlich waren und unterschiedliche räumliche und ökophysiologische Nischen 
im See besetzten. Zusammenfassend kann gesagt werden, dass die untersuchten 
bottom-up und top-down Faktoren einen starken Einfluss auf die Konkurrenz 
zwischen verschiedenen Bakteriengruppen ausübten, was zu Verschiebungen in der 
Zusammensetzung des Bakterioplanktons führte. 
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1. Introduction 
 
1.1. Seasonality of freshwater bacterioplankton 
Bacteria belong to the – not only numerically, but also functionally - most 
important organisms in freshwater habitats and account, besides phytoplankton, for 
most of the biogeochemical fluxes in aquatic systems. Numerous studies were 
carried out regarding seasonal aspects of freshwater bacterioplankton (e.g. 
delGiorgio & Gasol 1995, Simon et al. 1998, Gasol & Duarte 2000). However, most 
surveys focused on bulk parameters such as DAPI direct counts or bacterial bulk 
activity measurements. Since the establishment of fluorescence in situ hybridization 
techniques (FISH, Amman et al. 1995, Alfreider et al. 1996), a closer look at the role 
of different phylogenetic lineages is now possible.  
Thus, there is increasing knowledge about seasonal aspects of different 
freshwater bacterial clades studied from various lakes ranging from oligo- to 
eutrophic (e.g. Pernthaler et al. 1998, Klammer et al. 2002, Burkert et al. 2003, 
Zwisler et al. 2003, Hahn et al. 2005, Allgaier & Grossart 2006, Schauer et al. 2006, 
Wu & Hahn 2006a, 2006b). Several authors reported on distinct seasonal patterns of 
gram positive Actinobacteria, with one to two peaks in spring and autumn (Glöckner 
et al. 2000, Burkert et al. 2003, Allgaier & Grossart 2006). Maxima of filamentous 
Sphingobacteria and Cytophaga-Flavobacteria were found during the decay of a 
phytoplankton spring bloom in Mondsee (Schauer et al. 2006) and Lake Constance 
(Zwisler et al. 2003), respectively. Filamentous morphotypes were also detected in 
high numbers at times of elevated grazing pressure by bacterivorous flagellates, and 
were affiliated to Alphaproteobacteria (Nishimura & Nagata 2007) or Sphingobacteria 
(Jürgens & Stolpe 1995, Pernthaler et al. 2004). Pronounced seasonal patterns were 
observed for the species-like PnecB and PnecC subclusters of Betaproteobacteria in 
Mondsee, Lake Taihu, and a small humic pond. Their high abundances during 
summer (Hahn et al. 2005, Wu & Hahn 2006a, 2006b), were strongly correlated with 
water temperature. 
However, most seasonal studies concentrated primarily on the surface layer of 
the studied lakes. Depending on the lake type, this approach probably does not 
reflect the entire situation, since stratified lakes are characterized by strong depth 
gradients of physicochemical parameters (e.g. temperature, oxygen, phosphorus, 
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nitrogen, ect.). Deep hypolimnetic water strata are often rich in nutrients such as 
dissolved phosphorus or ammonia. Therefore, higher abundances and biomasses of 
microorganisms can be expected in deeper water layers and above the sediment 
(Cole et al. 1993). Moreover, lakes with an oxygen-depleted hypolimnion can 
represent highly diverse ecological niches for specialized microorganisms such as 
fermenting bacteria, denitrifiers, methylotrophs, or autotrophic sulfur bacteria 
(Casamayor et al. 2000; Lehours et al. 2007). Certain bacteria from the oxic layers 
may also be capable of a facultative anaerobic metabolism (Alonso & Pernthaler 
2005). Unfortunately, depth profiles are still rarely studied (e.g. Burkert et al. 2003, 
Wu & Hahn 2006a). 
 
1.2. Factors governing freshwater bacteria 
Besides abiotic factors such as water temperature and radiation, substrates 
and nutrients (bottom-up control, e.g., carbon, phosphorus), viral infection, and 
grazing activities by bacterivorous protists (top-down control) are assumed to act as 
the main forces shaping aquatic bacterial assemblages (Pace & Cole 1996). 
Additionally, competition for limiting substrates and nutrients within the entity Bacteria 
was identified as another very important factor governing freshwater bacteria (Šimek 
et al. 2006).  
 
1.2.1. Top-down control 
The impact of bacterivorous protists on planktonic bacteria was extensively 
studied in laboratory as well as field experiments (for review see Pernthaler 2005 and 
references therein). It is widely accepted that predation by size-selective protists can 
lead to changes in bacterial morphology, assemblage composition, and production 
(Hahn & Höfle 2001, Jürgens & Matz 2002).  
Betaproteobacteria harbour phylotypes which are very sensitive to protistan 
grazing, i.e. the R-BT065 subcluster (Šimek et al. 2001, 2005, 2006, Jezbera et al. 
2005, 2006) or the BET3-445 phylotype (Pernthaler et al. 2001) of the beta I 
subdivision. Bacteria of the R-BT065 subcluster, however, can compensate grazing 
induced cell losses by high cell specific activities and doubling times if nutrient supply 
(esp. phosphorus) is adequate (Šimek et al. 2005, 2006, Hornák et al. 2006).  
Some strains of a subcluster of Betaproteobacteria, (the PnecC cluster, Hahn 
2003) seem to range at the lower size-dependent uptake limit of heterotrophic 
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nanoflagellates (Boenigk et al., 2004). The same was found for a narrow lineage 
within the class Actinobacteria (the Ac1 phylotype, Pernthaler et al. 2001), which was 
enriched in the presence of the mixotrophic flagellate Ochromonas sp. Therefore, 
small cell size may represent a sufficient grazing defense strategy (Posch et al. 
1999). A contrary mechanism for bacteria to escape protistan predation is 
enlargement to reach the upper uptake limit of size selective grazers. The formation 
of inedible filaments, microcolonies, flocs or aggregates is known for several bacterial 
groups such as Cytophaga-Flavobacteria and certain subdivisions of Proteobacteria 
(Hahn et al. 1999, 2000, 2004, Šimek et al. 1997, 2001). Lab experiments with 
isolated bacterial strains revealed filament and microcolony formation in the presence 
of protistan predators (Hahn et al. 1999, 2000, Matz et al. 2002, Corno 2006). The 
underlying mechanisms of this high phenotypic plasticity of these strains are not yet 
clear. Such morphological adaptations could be induced by excretory products of 
predators acting as ‘infochemicals’ or be a consequence of enhanced growth rate 
(Hahn et al. 1999, Corno & Jürgens 2006).  
 
1.2.2. Bottom-up control 
Bacteria are the main consumers of dissolved organic matter in freshwater 
habitats; thus, they play a vital role in the carbon cycle (Ducklow & Carlson 1992). 
The impact of limiting nutrients on the development of total bacterial numbers and 
bulk activity has been investigated in detail (e.g. Chrzanowski & Grover 2001, 
Carlsson & Caron 2001 and references therein). Although organic carbon is often 
regarded as most important limiting factor (Cole et al. 1988), several studies 
demonstrated that phosphorus and nitrogen limitation can be even more crucial for 
freshwater bacterial growth (Morris & Lewis 1992, Elser et al. 1995). In many cases, 
limitation seemed not to be restricted to a single nutrient, but co-limitation with 
respect to carbon and phosphorus availability could be detected (Morris & Lewis 
1992, Schweitzer & Simon 1995). Moreover, bacteria have the potential to 
incorporate surplus phosphorus even at low ambient concentrations and are, 
therefore, considered as strong competitors with phytoplankton (Jürgens & Güde 
1990, Rothhaupt & Güde 1992, Vadstein 2000, Mindl et al. 2005). Even grazing 
induced resistance mechanisms might be related to nutrient limitations. Chemostat 
experiments with mixed bacterial assemblages revealed that protistan grazing 
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favours filamentous bacteria only under phosphorus limitation but not under carbon 
limitation (Matz & Jürgens 2003). 
 
1.2.3. Competition 
Intraspecific competition probably plays an important but often underestimated 
role for the composition of bacterial assemblages. On one hand, some bacteria 
seemed to be more competitive in the uptake of limiting substrates and therefore 
could suppress bacteria from lineages with a lower affinity (Cottrell & Kirchman 
2000a). On the other hand, grazing resistant bacteria have a competitive advantage 
at times of high grazing pressure. Due to the interplay of top-down and bottom-up 
factors, it is still unclear which factors drive more the competition within the entity 
Bacteria. However, some betaproteobacterial clades seem to be more efficient in 
taking up nutrients and can establish high numbers due to fast doubling times. This 
‘opportunistic’ strategy was described for the R-BT subcluster of the beta I lineage 
(Šimek et al. 2001, 2005, Hornák et al. 2006) and for the beta II lineage (Burkert et 
al. 2003). Other freshwater and also marine representatives of this ‘opportunistic life 
strategy’ are located within Gammaproteobacteria, which have been easily enriched 
and cultivated (Eilers et al. 2000, Pinassi & Berman 2003). A contrasting life strategy 
was found for Actinobacteria present in high abundances in oligotrophic ecosystems 
such as high-mountain lakes (Glöckner et al. 2000, Warnecke et al. 2005). These 
bacteria were outcompeted by Betaproteobacteria in dilution cultures (Burkert et al. 
2003).  
 
1.3. Methods for studying bacterial phylotypes 
Due to the lack of morphological traits suitable for discrimination and 
insufficient cultivation approaches, the identification of bacteria based on rRNA 
sequences was a breakthrough in microbial ecology (DeLong et al. 1989, Amann et 
al. 1990). Fluorescence in situ hybridization (FISH) represents a powerful tool to link 
phenotypic with genotypic information (Amann et al. 1995) without prior cultivation. 
The combination of FISH with cloning, sequencing, and probe design, i.e. the so-
called full rRNA cycle (Amann et al. 1995), is widely used in studies of marine and 
freshwater bacteria. Up to now, investigations applying FISH were mainly focused on 
abundances but not on biomasses of Proteobacteria-groups and of Cytophaga-
Flavobacteria. Recently, an improved protocol of fluorescence in situ hybridization 
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was described by combining FISH with catalyzed reporter deposition (CARD-FISH, 
Pernthaler et al. 2002, Sekar et al. 2003), resulting in a substantially brighter staining. 
The bright and persistent fluorescence intensity of CARD-FISH preparations allows 
the detection of even very minute cells and the application of image analysis systems 
for biomass determination within different bacterial lineages. As the conversion of 
organisms (numbers) to biomass (carbon) is necessary to compare different 
compartments of the food web, biovolume and biomass evaluations of bacteria from 
different phylogenetic lineages are essential to study carbon fluxes.  
Another improvement was the combination of FISH with microautoradiography 
(Lee et al. 1999, Cottrell & Kirchman, 2000). Microautoradiography was developed in 
the late 1960s to analyse the metabolic activity of prokaryotes under in situ 
conditions by direct visualization of microorganisms with active substrate uptake 
within a complex - but unknown - community (Brock & Brock 1968). While 
microautoradiography on its own does not provide taxonomic data, the combination 
with FISH or CARD-FISH allows for the identification of the assemblage composition 
and the activity of bacteria at the same time (Lee et al. 1999, Teira et al. 2004).  
 
1.4. Study site – Piburger See 
Piburger See is a small, oligo-mesotrophic pre-alpine softwater lake situated in 
the Oetztaler Alps (Tyrol, Austria). Geographic and morphometric details are listed in 
Table 1. The catchment area is dominated by coniferous forest and the geological 
bedrock consists of crystalline rocks. The lake is usually covered with ice from early 
December to April and shows a short spring circulation after ice break, which is often 
only partially renewing the anaerobic deep water body. Thermal summer stratification 
is rapidly established with very warm surface temperatures (up to 25°C). The 
duration and extension of autumnal overturn is strongly affected by the weather 
conditions but holomixis is commonly detected. 
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Table 1. Geographic and morphometric characteristics of Piburger See. 
Parameter Value 
Longitude 45°11’30’’ N 
Latitude 10°53’ E 
Altitude 913 m.a.s.l. 
Catchment area 2.65 km2 
Surface area  0.134 km2 
Maximum length  0.8 km 
Maximum width 0.3 km 
Volume 1.8 x 106 m3 
Maximum depth  24.6 m 
Mean depth 13.7 m 
Shore line 1.9 km 
Shoreline development 1.5 
Water retention time approx. 2 years 
Stratification type Dimictic 
Trophic status Oligo-mesotrophic 
 
As many other lakes, Piburger See was strongly affected by anthropogenic 
induced eutrophication during the late 1960s. The installation of an ‘Olszewski tube’ 
(a deep water removal tube) in 1970 led to a remediation (Pechlaner 1979, Psenner 
et al. 1984). A marked and rapid improvement of the lake’s oxygen regime was 
attributed to the selective removal of anoxic hypolimnetic water by the Olszewski 
tube. External restoration efforts such as the installation of a sewage treatment plant 
and the decreasing load of agricultural fertilizers further supported the re-
oligotrophication of the lake. Since the late 1980s phosphorus concentrations 
decreased and the oxygen saturation of the hypolimnetic water body improved, and 
presently the lake has reached an oligo-mesotrophic status (Fig. 1).  
introduction 
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Figure 1: Changes in the concentrations of total phosphorus (µg l-1) in Piburger See from 1975 to 2007 
(Posch et al. unpublished).  
 
The response of the lake to the restoration efforts was delayed about 20 
years. In the first two decades after the implementation of the Olszewski tube a 
marked increase of the filamentous Cyanobacterium Oscillatoria limosa C. A. Agardh 
was observed, which contributed up to 40% to the total phytoplankton biovolume in 
1974 (Rott 1976). Abundances of this species decreased since the late 1980s 
together with a massive reduction of phosphorus. Tolotti & Thies (2002) reported a 
shift of the summer phytoplankton species assemblage from green and filamentous 
blue green algae to small diatoms and coccal green algae since 1990. However, the 
phytoplankton assemblage is still undergoing progressive changes: In the years 
2003-2005 a massive autumnal bloom of the diatom Asterionella sp. was observed, 
which decreased again in 2006 and 2007. 
Piburger See is the subject of a detailed limnochemical monitoring program 
conducted by the Department of Limnology, Institute of Ecology, University of 
Innsbruck since the beginning of the 1970s (Tolotti & Thies 2002), with monthly 
sampling of the whole depth profile in a 3 m interval. Moreover, several projects (EU-
projects such as REFLECT; CLIME, 5th Framework Program; EUROLIMPACS, 6th 
Framework Program) and numerous studies, diploma theses, PhD theses, and 
students’ courses were performed at the lake, dealing with very different limnological 
topics. Sommaruga & Psenner (1995) reported on distinct patterns in seasonal 
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dynamics of bacteria (bulk parameters) and heterotrophic nanoflagellates, whereas 
Pernthaler and coworkers (1996a, 1996b) investigated top-down effects on bacteria 
grazed by protists. No detailed survey of bacterioplankton seasonality and the main 
factors shaping different phylogenetic lineages has been carried out until now. 
aims of PhD thesis 
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2. Aims of this thesis 
 
This PhD thesis was integrated in the project FWF ZFP175540 funded by the 
Austrian Science Fund. Therefore, some aims were already predetermined by the 
project proposal. However, new ideas and aims evolved throughout the whole period 
of the thesis. 
The main goal of the project concerned the seasonal succession of bacterial 
phylotypes in Piburger See and the factors influencing bacteria from different clades. 
Simon et al. (1998) presented an idealized scheme of dynamics and control 
mechanisms of bacterioplankton in Lake Constance (Fig. 2), which was based on 
total bacterial abundances and production. It does not consider the composition of 
bacterial assemblages and therefore, deeper knowledge is needed about the main 
bacterial lineages which dominate freshwater ecosystems. We hypothesized that 
Bacteria could be split in several ‘functional groups’ or phylogenetic lineages which 
are differentially affected by top-down and bottom-up control and show varying 
responses to biotic and abiotic forces over the season.  
 
Figure 2: Idealized patterns of seasonal dynamics and control of bacterioplankton in Lake Constance 
(from Simon et al. 1998). WI: winter stratification; SB: phytoplankton spring bloom; CW: clear 
water phase, SU/FALL: summer and fall stratification; BP: bacterial production; BN: bacterial 
numbers; C: carbon; P: phosphorus; N: nitrogen. 
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Several specific questions were addressed: 
 
− Is there a seasonality of bacteria from different phylogenetic lineages with respect 
to their abundances, biomasses and incorporation of radiolabeled amino acids? 
 
− Are there spatial patterns (depth gradient) in the distribution of different bacterial 
lineages? 
 
− How are bacteria affected by abiotic (chemical and physical) and biotic 
(phytoplankton and heterotrophic nanoflagellates) parameters and can they 
occupy different niches in the water column? 
 
− Which bacterial populations profit from a sudden increase (or decrease) of 
protistan grazing and / or nutrient availability? 
 
− Which bacterial lineages are most vulnerable against grazing by protists? 
 
− Which bacterial lineages are limited by phosphorus? 
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3. Results and discussion 
 
The results of this PhD thesis are presented in three already published 
research articles, two submitted manuscripts, and one manuscript in prep. These 
publications show the results of two experimental approaches (papers I – III) dealing 
with factors influencing bacteria from different lineages (top-down and bottom-up 
control), and an extensive seasonal study (manuscripts IV – VI). Additionally, some 
results of an - until now - unpublished data set are included presenting a generalized 
view on seasonal aspects of bacteria from different phylogenetic clades and their 
amino acid uptake activity and biomass distribution in Piburger See. 
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3.1. Part I: Factors influencing freshwater bacteria, i.e. bottom-up 
and top-down control, and competition 
 
This part of my PhD thesis consists of three published articles. Most of the 
experimental work and data evaluation of the first article was already carried out 
during my diploma thesis. The article was written during the first period of my PhD 
study and thematically fits well to the other presented experiments. We studied the 
influence of top-down and bottom-up control shaping freshwater bacteria by two 
experimental setups. A short summary of each publication informs on the outcome of 
these studies.  
 
paper I: Succession of bacterial grazing defense mechanisms against 
protistan predators in an experimental microbial community (Salcher et al. 
2005) 
In this study, a chemostat was used for examining the succession of microbial 
predator-prey interactions. The algae Cryptomonas phaseolus and its accompanying 
mixed bacterial assemblage were cultivated together in the first stage of a continuous 
cultivation system. Two bacterivorous predators were introduced to the second stage 
vessels, i.e. the mixotrophic nanoflagellate Ochromonas sp. and the heterotrophic 
ciliate Cyclidium glaucoma. Due to different levels of grazing, bacteria developed 
differential in these two setups. We found a succession not only of the bacterial 
assemblage composition, but also different phenotypic responses of bacteria within 
the same clades. This lab study provided us with background data about 
Alphaproteobacteria, Betaproteobacteria, and Cytophaga-Flavobacteria and their 
different response to high and medium levels of grazing. We observed that 
Betaproteobacteria were profiting in the absence of predators, while they were 
preferably ingested by both protists. The opposite effect was detected for 
Alphaproteobacteria and Cytophaga-Flavobacteria, which were enriched in the 
presence of the grazers. Different bacterial grazing defense mechanisms such as the 
formation of inedible filaments, microcolonies or aggregates were observed for 
bacteria affiliated to narrow taxonomic clades (i.e. the BET3-446 and the CAU663 
clades within Beta- and Alphaproteobacteria, respectively), thus, exhibiting a high 
phenotypic plasticity. 
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paper II: Modulation of microbial predator-prey dynamics by phosphorus 
availability. Growth patterns and survival strategies of bacterial 
phylogenetic clades (Salcher et al. 2007) 
We studied the in situ effects of bottom-up and top-down control of 
bacterioplankton in Piburger See in a size-fractionation and nutrient enrichment 
experiment. Two size fractions were generated via filtration of raw water samples 
over 5 or 0.8 µm filters to obtain variants with enhanced flagellate grazing due to the 
removal of larger predators (<5 µm) and predator-free variants (<0.8 µm), 
respectively. Duplicates of each fraction were incubated in bottles, bottles enriched 
with phosphorus, and dialysis tubes which allowed relatively free nutrient exchange 
with surrounding water. Enhanced grazing pressure resulted in a pronounced 
reduction of active bacteria, which was reflected in a decline of bacteria with high 
nucleic acid content and a lower detectability by FISH (probe EUB I-III). Moreover, a 
shift in bacterial assemblage composition was observed, with Betaproteobacteria 
being heavily grazed, whereas Alphaproteobacteria and Cytophaga-Flavobacteria 
seemed to be less affected. A shift in assemblage composition was also found after 
enrichment with phosphorus and even more pronounced in the dialysis tubes, where 
Betaproteobacteria became dominant and seemed to be more competitive in taking 
up surplus nutrients. In contrast, Actinobacteria did not respond to a higher amount of 
nutrients. First indications for different bacterial survival strategies at high grazing 
pressure obtained in the chemostat experiment (paper I) could be confirmed by this 
field study. In addition, nutrient availability was identified as another very important 
factor shaping bacterial assemblages. 
 
paper III: Biomass reallocation within freshwater bacterioplankton induced 
by manipulating phosphorus availability and grazing (Posch et al. 2007) 
This companion publication of paper II presents results of the same size-
fractionation and nutrient enrichment experiment, but with a focus on bacterial 
stoichiometry and biomasses of different phylogenetic lineages. An increase of 
bacterial numbers, bulk activity, and biomasses in the bottle treatments enriched with 
phosphorus indicated bacterial phosphorus limitation. However, bacterial growth and 
biomasses increased even more in dialysis tube treatments, which led to 
speculations about co-limitation by carbon. The vast majority of increasing bacterial 
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biomass could be attributed to Betaproteobacteria, whereas Actinobacteria showed 
stable and - due to their small cell sizes - very low biomasses. 
 
Summary of part I: 
With these two experimental approaches we analysed the main shaping forces 
of freshwater bacterioplankton, i.e. grazing by flagellates and nutrient availability. 
Interestingly, we observed the same trends in the chemostat- and field experiments, 
i.e. the beta-subdivision of Proteobacteria was strongly affected by grazing, while 
members of the alpha-subdivision and Cytophaga-Flavobacteria showed higher 
grazing-resistance. Filamentous forms of the latter two lineages were found in the 
presence of predators and with high nutrient loads; therefore, the biomass of these 
groups was not as strongly reduced by grazing as their numbers. Moreover, we 
confirmed the importance of bottom-up factors for the establishment of dominant 
freshwater bacteria and their competitive abilities. Betaproteobacteria were identified 
as opportunistic competitors for phosphorus.  
In paper II, we presented a schematic depiction of synergistic effects of 
bottom-up and top-down control inducing the dominance of bacterial clades in 
Piburger See (Fig. 3). This generalised view on bacteria from broad phylogenetic 
lineages summarizes the outcome of the three publications. 
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Figure 3: Schematic depiction of the synergistic effects of bottom-up and top-down factors and 
competition inducing the dominance of bacteria from different clades in Piburger See (from 
paper II, modified). 
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3.2. Part II: Seasonality of bacterial phylotypes in oligo-
mesotrophic Piburger See, Austria 
 
The second part of my PhD thesis consists of two submitted manuscripts, one 
paper in prep., and a short chapter containing some unpublished data. The first 
manuscript describes a new method for studying microbial morphotypes, whereas 
the other studies address seasonal and vertical changes of bacteria from different 
phylogenetic clades in respect to their abundances, biomass, and the ability to 
incorporate radiolabeled amino acids. The three manuscripts are summarized below 
to give a short overview on the main results. 
 
manuscript IV: Morphotype specific contributions of hybridized cells to total 
bacterioplankton abundance and biomass as studied by image analysis. 
Positive relation of cell size to hybridization efficiency? (Posch et al. 
submitted to Appl Environ Microbiol) 
Biomasses and morphotypes of hybridized bacteria were determined with a 
new technique based on image analysis techniques. While only <50% of DAPI-
stained particles were found to hybridize with the general probe EUB I-III (specific for 
the domain Bacteria), the majority of bacterial biomass was detected (up to 89%). 
The total bacterial assemblage was mainly dominated by small cocci and rods; 
however, most of these morphotypes could not be detected by CARD-FISH. In 
contrast, larger morphologies showed much higher probability to be hybridized, which 
explained the high detection efficiency of biomass with CARD-FISH. Therefore, most 
bacterial carbon biomass could be analyzed, even at low numerical detection rates 
by the general probe EUB I-III. Moreover, we analysed morphotype distributions of 
three phylogenetic lineages. Actinobacteria were represented predominately by small 
rods and cocci, whereas Cytophaga-Flavobacteria formed mainly large rods and 
filaments. Betaproteobacteria showed the highest morphological variability. Thus, our 
new approach could help to elucidate the relationship between geno- and 
morphotype in aquatic microbial food webs and to study carbon flow through different 
bacterial taxa in more detail. 
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manuscript V: Niche separation of planktonic Betaproteobacteria in an 
oligo-mesotrophic lake (Salcher et al. submitted to Environ Microbiol) 
In this submitted manuscript we investigated the diversity and seasonal as well 
as vertical population changes of Betaproteobacteria in Piburger See. A special focus 
was put on differences between betaproteobacterial fractions with visible amino acid 
incorporation. Three main lineages were identified to contribute most to total 
betaproteobacterial numbers, i.e. beta I (R-BT subclade), beta II (subclades PnecB 
and PnecC), and beta IV. Numbers of R-BT and PnecB bacteria were rather constant 
throughout the water column, whereas bacteria affiliated to PnecC and beta IV were 
particularly numerous in the oxygen-depleted zone of the lake. In general, only 
moderate seasonal changes were observed in the upper water layers, whereas there 
was a clear relationship between decreasing oxygen levels and maxima of PnecC 
and beta IV clades in hypolimnetic water strata. Over 90% of the observed variations 
in betaproteobacterial numbers and amino acid uptake activity could be attributed to 
changing oxygen concentrations and the amount of dissolved phosphorus. Almost 
80% of R-BT bacteria but less than 15% of cells from the beta IV clade showed 
amino acid incorporation. Our results suggest that the different betaproteobacterial 
populations occupy distinct vertical and ecophysiological niches in Piburger See. 
 
manuscript VI: Abundance, biomass, or activity – which parameter mirrors 
best the standing stock of freshwater bacterial phylotypes? (Salcher et al. 
in prep) 
This study regards the three freshwater bacterial clades Actinobacteria, 
Betaproteobacteria, and Cytophaga-Flavobacteria and their changing dominances in 
terms of cell numbers, biomass, and the ability to incorporate amino acids. We 
showed that the numerical importance of a bacterial lineage need not per se mirror 
its contribution to total bacterial biomass or activity. While Actinobacteria formed very 
high abundances, their contribution to total bacterial biomass was negligible due to 
their small morphology. In contrast, rare Cytophaga-Flavobacteria formed 
filamentous morphotypes and dominated the bacterial biomass in hypolimnetic, 
oxygen depleted water. Betaproteobacteria contributed most to biomass in the 
epilimnion because of their relatively high biovolume. Cells with visible amino acid 
uptake were mainly affiliated with Actinobacteria and Betaproteobacteria, while 
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Cytophaga-Flavobacteria showed virtually no incorporation of the offered substrates. 
Sequence analysis of four PCR based 16S rRNA clone libraries resulted in high 
numbers of clones affiliated to Cytophaga-Flavobacteria undetected by the general 
probe CF319a. Therefore, the contribution of Cytophaga-Flavobacteria or other 
orders (e.g. Sphingobacteriales) within Bacteroidetes to total cell numbers and 
biomass seemed to be underestimated. We stressed the need to analyze not only 
the abundances of freshwater bacteria, but also their biomass and their incorporation 
abilities of various substrates to get a comprehensive picture of their ecological 
importance.  
 
results and discussion 
 
 24 
3.2.1. Unpublished data 
 
 We studied the seasonal development of bacterioplankton in Piburger See in 
relation to biotic (i.e. phytoplankton and heterotrophic nanoflagellates) and abiotic 
(i.e. physio-chemical parameters) factors for a period of one year (February 2005-
February 2006). Four depths (3, 9, 18, and 24 m depth) were analysed at monthly 
sampling intervals for the abundance, biomass, and incorporation of radiolabeled 
amino acids (as determined by microautoradiography coupled with CARD-FISH) of 
bacteria from the phyla Actinobacteria, Betaproteobacteria, and Cytophaga-
Flavobacteria. 
 
Seasonality of bacteria in relation to biotic and abiotic factors. 
Piburger See was covered with ice from the beginning of our seasonal survey 
in February 2005 until March 2005 and again from December 2005 until the end of 
the investigation period in February 2006. Spring mixis occurred in April 2005, 
however, the oxygen profile revealed just a partial oxygen refreshment of the 
hypolimnion, i.e. a partial mixis. The lake showed a stable thermal stratification 
during May-November 2005, where the metalimnion reached from 3 m depth in May 
to 12 m in November. Oxygen was strongly depleted in the hypolimnion during this 
stratification period, with an anoxic water body reaching from 24 m up to 18 m in 
November (Fig. 4). Autumnal mixis occurred in early December; however, it was not 
possible to take samples during this period due to instable ice coverage. Samples of 
January 2006 showed oxygen refreshment down to at least 21 m depth, which is 
typical for the period after holomixis. Phosphorus concentrations ranged from 1.7 µg 
dissolved P l-1 in 3 m depth in August to a maximum of 40.9 µg P l-1 in 24 m depth in 
March (Fig. 4). Nitrate was consumed presumably by algae in the upper layers of the 
lake. Concentrations of nitrate strongly decreased in the hypolimnion in parallel with 
the progressing oxygen depletion, and an increase of ammonium was found during 
late summer and autumn (Fig. 7). The low redox potential led to decreasing 
concentrations of sulphate in 24 m depth in autumn (annual mean: 6.3 mg l-1; 
minimum: 1.5 mg l-1 in 24 m depth in November; data not shown). Dissolved organic 
carbon accumulated in epilimnion in summer and autumn. Low concentrations (>2 
mg l-1) were found in the deeper water column, except for samples close to the 
sediment (max. 2.4 mg l-1).  
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Figure 4: Physical and chemical parameters in Piburger See during the seasonal study in 2005 
(modified from Salcher et al. submitted - paper V). 
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Several pronounced phytoplankton blooms were observed during 2005 (Figs. 
4 & 5). The first maximum of algal biomass developed under ice in March (mainly 
consisting of Cryptomonads). The spring bloom in a depth of 9-18 m in April was also 
dominated by Cryptomonads. Two pronounced peaks of chlorophyll a concentrations 
followed in 15 m depth in June-July and in 12-15 m depth in September-November, 
respectively (Figs. 4 and 5). The first maximum could be attributed to 
Chrysophyceae, whereas the latter almost exclusively consisted of the diatom 
Asterionella sp.. 
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Figure 5: Percentile distribution (95 and 99% of HNF, bacterial filaments, and algal abundances; and 
75 and 95% of relative abundances of Actinobacteria and Cytophaga-Flavobacteria (% of EUB)) 
during the investigation period in Piburger See. 
 
After the phytoplankton spring bloom, a peak of heterotrophic nanoflagellates 
(HNF) was detected in 9 m depth, which was followed by a pronounced maximum of 
filamentous bacteria one month later (Fig. 5). These filaments could not be attributed 
to any of the studied groups and also not to Alpha- or Gammaproteobacteria (FISH 
probes ALF968 and GAM42a, respectively). Filamentous morphotypes of a second 
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maximum in October-November in 24 m depth were mainly affiliated with Cytophaga-
Flavobacteria. 
Actinobacteria reached highest abundances concomitantly with the HNF peak 
in May and the bloom of Asterionella sp. in November (Figs. 5 & 6 upper panel). In 
contrast, Betaproteobacteria decreased in numbers and amino acid uptake during 
the period of intense protistan bacterivory (Fig. 6 upper and middle panel), while the 
fraction of active Actinobacteria increased (Fig. 6 middle panel). At the same time, 
bacterial bulk amino acid uptake and amino acid uptake per cell (per DAPI-stained 
bacterium with visible incorporation) decreased drastically after a short maximum in 
April (Fig. 6 lower panel). 
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Figure 6: Seasonal changes of bacteria, protists, and algae in 9 m depth.                           
Upper panel: Relative abundances of Actinobacteria (ACT) and Betaproteobacteria (BET), and 
flagellate numbers (HNF). Middle panel: Relative abundance of cells with visible amino acid 
incorporation (in % of EUB active) of ACT and BET. Lower panel: Bacterial bulk amino acid 
incorporation (AA uptake bulk), amino acid uptake per active cell (AA uptake per cell), and algal 
abundances. 
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Spatial distribution of bacteria from different clades in relation to oxygen amounts. 
Pronounced physico-chemical depth gradients developed during summer 
stratification (May-November), with a micro- to anaerobe water body rich in dissolved 
phosphorus and ammonium (Figs. 4 & 7). This depth gradient was also mirrored in 
the distribution patterns of bacteria affiliated to the studied lineages (Figs. 7-10). 
While Actinobacteria dominated the assemblage in oxygen-rich water layers, 
Betaproteobacteria formed highest abundances in 24 m depth. The contribution of 
Cytophaga-Flavobacteria to bacterial community was always low, although they were 
more abundant in oxygen-depleted water (Figs. 7 & 8). A clear rise in total cell 
numbers occurred concomitantly with a decline of oxygen concentrations in 18 m 
depth (Fig. 8). Bacterial biomass was highest in hypolimnetic water, where 
Cytophaga-Flavobacteria dominated the bacterial carbon pool (Figs. 7 & 9). These 
bacteria formed filamentous morphotypes in anoxic samples which were rare (11% of 
all Cytophaga-Flavobacteria) but had extraordinary high cell volumes. 
Betaproteobacteria also contributed more to bacterial biomass in the hypolimnion 
than in the epilimnion. Although Actinobacteria numerically dominated, they typically 
formed very small morphologies, i.e. minute cocci and vibrios. Therefore, their 
contribution to total bacterial biomass was always very low. Most bacteria with visible 
amino acid incorporation were Actinobacteria in the epilimnion and 
Betaproteobacteria in the hypolimnion, whereas almost no Cytophaga-Flavobacteria 
incorporated this substrate. Again, a strong increase of all active cells was obvious 
when oxygen concentrations decreased (Fig. 10). 
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Figure 7: Depth gradients of oxygen, dissolved phosphorus (DP), and ammonium (NH4) 
concentrations, and relative abundances, biomasses, and numbers of bacteria incorporating 
amino acids of Actinobacteria (ACT), Betaproteobacteria (BET), and Cytophaga-Flavobacteria 
(CF) during summer stratification (May-November 2005). Values are means (n=6), standard 
deviations are given for the bacterial groups. 
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Figure 8: Seasonal changes 
of bacterial abundances of 
Actinobacteria (ACT), 
Betaproteobacteria (BET), 
and Cytophaga-Flavobacteria 
(CF) in 18 and 24 m depth in 
relation to oxygen 
concentrations (mg l-1). 
 
 
 
 
 
Figure 9: Seasonal changes 
of bacterial biomass of 
Actinobacteria (ACT), 
Betaproteobacteria (BET), 
and Cytophaga-Flavobacteria 
(CF) in 18 and 24 m depth in 
relation to oxygen 
concentrations (mg l-1). No 
biomass evaluation was 
carried out for samples from 
February to May 2005. 
 
 
Figure 10: Seasonal changes 
of cells with visible amino acid 
incorporation within 
Actinobacteria (ACT), 
Betaproteobacteria (BET), 
and Cytophaga-Flavobacteria 
(CF) in 18 and 24 m depth in 
relation to oxygen 
concentrations (mg l-1). 
Microautoradiography was not 
done in January 2006. 
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 Oxygen NH4 DP 
Abundances (cells ml-1)  
EUB -0.720 0.593 0.713 
ACT -0.527 - 0.555 
BET -0.855 0.592 0.669 
CF -0.741 0.715 0.721 
Biomass (µg C l-1)   
EUB -0.828 0.618 0.688 
ACT - - - 
BET -0.869 0.658 0.744 
CF -0.830 0.808 0.771 
Active cells (cells ml-1)  
EUB -0.575 0.592 0.480 
ACT - - - 
BET -0.715 0.579 0.483 
CF -0.598 0.609 0.474 
 
Table 2: Pearson’s correlation coefficients for 
abundances, biomasses, and numbers of active 
cells of all Bacteria (EUB), Actinobacteria (ACT), 
Betaproteobacteria (BET), and Cytophaga-
Flavobacteria (CF) in comparison to 
concentrations of oxygen (Oxygen), ammonia 
(NH4), and dissolved phosphorus (DP). Data 
were log(x+1) transformed prior to analysis. Only 
coefficients with a significance level p < 0.005 
are shown, bold values indicate p < 0.001. 
 
 
Discussion of unpublished data 
 
Seasonality of bacterioplankton assemblages in the epilimnion of Piburger See 
Actinobacteria showed pronounced seasonal fluctuations in the epilimnion with 
two maxima in spring and autumn (Figs. 5 and 6). These peaks concomitantly 
occurred at times of intense grazing by heterotrophic nanoflagellates and a bloom of 
the diatom Asterionella sp., respectively. A protection to protistan grazing by 
Actinobacteria was also reported by other authors (Pernthaler et al. 2001, Hahn et al. 
2003), mainly due to their minute cell sizes. Burkert and coworkers (2003) found a 
maximum of Actinobacteria in autumn in Lake Grosse Fuchskuhle, whereas Glöckner 
et al. (2000) reported on maximum numbers in spring in Gossenköllesee. Allgaier & 
Grossart (2006) observed two peaks in spring and autumn. The autumnal maximum 
of Actinobacteria in Piburger See could be explained by high amounts of dissolved 
organic material released by Asterionella sp. (e.g. low molecular weight compounds 
such as sugars), favouring primarily actinobacterial growth. Moreover, Asterionella 
sp. can grow at very low phosphorus concentrations (Tilman et al. 1982, Michel et al. 
2006), consequently acting as an effective sink for dissolved phosphorus (Ferris & 
Lehman 2007). At such low phosphorus concentrations Actinobacteria could have a 
competitive advantage over Betaproteobacteria, which show higher growth rates at 
high phosphorus concentrations (Šimek et al. 2006, Salcher et al. 2007 – paper II). 
The low numbers of Betaproteobacteria concomitantly with high abundances 
of flagellates (Fig. 6) may indicate high vulnerability to protistan predation (Jezbera et 
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al. 2006). Their high numbers in the hypolimnion (Figs. 7 & 8) seemed to be coupled 
to decreasing oxygen concentrations, but the high amounts of nutrients, esp. 
phosphorus could also favour their growth. This ‘opportunistic life strategy’ seemed to 
hold true at least for the R-BT subcluster of beta I bacteria (Šimek et al. 2006), and 
partly also for the beta II clade (Burkert et al. 2003). However, as Betaproteobacteria 
represented a very diverse phylum with at least three ecologically distinct groups 
present in freshwater (Salcher et al. submitted – manuscript V), no generalized 
conclusions should be drawn by regarding them as a single unit. 
A pronounced maximum of filamentous bacteria was detected in the month 
following the peak of HNF numbers in May. Filaments represent an efficient 
protection against size selective protistan grazing (Hahn et al. 1999, Langenheder & 
Jürgens 2001, Pernthaler et al. 2004, Corno & Jürgens 2006). However, the 
observed filamentous bacteria could not be identified by any of the applied FISH-
probes, as was found for filamentous morphotypes dominating in acidified lakes 
(Vrba et al. 2003). Sequencing of 16S rRNA clone libraries resulted in very high 
numbers of clones affiliated with Bacteroidetes (see Fig. 3 in Salcher et al. in prep – 
manuscript VI). However, the majority of them showed one or several mismatches 
with the general oligonucleotide probe CF319a (Manz et al. 1996). This probe does 
not cover the entire branch of the phylum Bacteroidetes. An online probe match at 
the Ribosomal Database Project II (http://rdp.cme.msu.edu) revealed that only 38% 
of all available sequences ≥1200 bases affiliated with Bacteroidetes were targeted by 
probe CF319a, and therein mainly Sphingobacteria and Bacteroidales were missing, 
whereas 92% of all Flavobacteria could be detected theoretically. However, the 
application of the seemingly more suitable probe CFB560 (O’Sullivan et al. 2002) 
resulted in no hybridization signals at all (data not shown). Sequences with 
mismatches to probe CF319a were also not affiliated with the filamentous SOL 
cluster (Saprospiraceae, Sphingobacteria; Schauer et al. 2006) or 
Alphaproteobacteria. Therefore, the affiliation of these filamentous bacteria remains 
to be elucidated, although there are strong indications for an undetected cluster 
within Bacteroidetes. Thus, abundances and biomasses of Cytophaga-Flavobacteria 
in Piburger See might be even higher than observed. 
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Spatial distribution of bacterioplankton assemblages 
 Oxygen, but also nutrients concentrations (i.e. ammonium and dissolved 
phosphorus) were the most important factors affecting the establishment of bacterial 
abundances, biomasses, and the numbers of active cells of the studied phylogenetic 
clades (Table 2). Higher abundances and biomasses of microorganisms in deeper 
water layers have been reported by Cole et al. (1993). Moreover, specialized 
microbes (i.e. anaerobes, fermenting or methylotrophic bacteria) would be expected 
in this anoxic ecosystem (Casamayor et al. 2000; Lehours et al. 2007). 
Except for Actinobacteria, all lineages were present in higher numbers, 
biomasses, and active cells in the oxygen depleted hypolimnion. Therefore, it is likely 
that some Betaproteobacteria and Cytophaga-Flavobacteria are capable of an 
obligate or facultative anaerobic metabolism (Alonso & Pernthaler 2005). Two 
clusters of Betaproteobacteria contributed the largest part to the bacterial maximum 
in the oxygen depleted hypolimnion of Piburger See (i.e. beta IV and PnecC bacteria, 
see Salcher et al. submitted – manuscript V). Cytophaga-Flavobacteria in this anoxic 
environment may also represent different species than in the epilimnion. However, 
sequence analysis of 16S rRNA clone libraries revealed no genotypes specific for 
anoxic samples (Salcher et al. in prep – manuscript VI). High abundances of 
Cytophaga-Flavobacteria in anoxic layers of lakes were also reported by Glöckner et 
al. (1999) and Casamayor et al. (2000). The high biomass of Cytophaga-
Flavobacteria in anoxic samples was due to the formation of filaments by these 
bacteria (Figs. 7 & 9). So far, filamentous morphotypes in freshwater habitats were 
mainly found to be affiliated with Cytophaga-Flavobacteria and Sphingobacteria 
(Alfreider et al. 1996, Pernthaler et al. 1998, Pernthaler et al. 2004, Schauer & Hahn 
2005, Šimek et al. 2007) but Alpha- and Betaproteobacteria may also form filaments 
(Salcher et al. 2007 – paper II, Nishimura & Nagata 2007). One study even reports 
on filamentous Actinobacteria in a drinking water reservoir (Nielsen et al. 2006). In 
our study, filamentous Betaproteobacteria were rarely detected in the hypolimnion, 
whereas a large fraction of filaments could be attributed to Cytophaga-Flavobacteria.  
A higher activity of Actinobacteria than of all Bacteria (EUB positive) in the 
assimilation of thymidine was detected in a drinking water reservoir (Nielsen et al. 
2006), whereas similar DNA de novo synthesis rates for Actinobacteria and all 
Bacteria were reported for several high mountain lakes (Warnecke et al. 2005). 
Betaproteobacteria, and therein especially the R-BT subcluster of beta I showed very 
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high amino acid incorporations (Horňák et al. 2006, Pérez & Sommaruga 2007, 
Salcher et al. submitted – manuscript V). The overall low uptake of amino acids by 
Cytophaga-Flavobacteria corresponded to the findings of Cottrell & Kirchman (2000), 
that marine and estuarine Cytophaga-Flavobacteria are underrepresented in the 
proportion of amino acid incorporating bacteria. Comparable low leucine uptake rates 
by this phylum were also found for two freshwater ecosystems (Horňák et al. 2006, 
Pérez & Sommaruga 2006). Marine Cytophaga-Flavobacteria seemed to preferably 
incorporate high-molecular weight compounds such as proteins, cellulose, or chitin 
(Cottrell & Kirchman 2000), and they played an important role in the degradation of 
dissolved organic matter and carbon fluxes (Kirchman et al. 2002). Therefore, the low 
amino acid incorporation of this group may not reflect their activity; the choice of 
different substrates could have resulted in opposing findings. Moreover, it should be 
taken in account that not all of the offered substrate may be used for bacterial 
biomass production, i.e. amino acids could also be respired for energy supply. 
Around one third of the gross uptake of 14C amino acids was found to be respired by 
bacteria in Lake Constance with high seasonal variations (Weiss & Simon 1999), and 
even higher respiration rates of 3H labelled amino acids were detected in the 
oligotrophic Sargasso Sea (60 - 80%; Suttle et al. 1991) and coastal marine waters 
(20 - 60%; Carlucci et al. 1984). 
Although bacteria of the studied freshwater phyla Actinobacteria, 
Betaproteobacteria, and Cytophaga-Flavobacteria comprise a high diversity, it seems 
that they differ profoundly in general properties such as cell size or the incorporation 
of amino acids.  
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Summary of part II 
A detailed one year survey at Piburger See revealed pronounced temporal 
and spatial variations of freshwater bacteria affiliated with Actinobacteria, 
Betaproteobacteria, and Cytophaga-Flavobacteria. Bacteria of these three lineages 
were identified as dominant in terms of abundances, biomasses, or amino acid 
incorporation. Hybridization with the general probe EUB I-III (targeting all Bacteria) 
covers the bulk of total bacterial biomass, even though the numerical detection 
efficiency was only around 50% of all DAPI-stainable particles. The contribution of 
the studied phyla to total bacterial biomass did not agree with their numerical 
importance, e.g. although Actinobacteria clearly dominated the bacterial assemblage, 
their contribution to biomass was negligible due to their generally small size. In 
contrast, Cytophaga-Flavobacteria were present in very low abundances, but 
contributed disproportionally to bacterial biomass because they formed very large 
morphotypes such as filaments. Bacteria with amino acid incorporation were mainly 
affiliated with Actinobacteria and Betaproteobacteria, whereas Cytophaga-
Flavobacteria showed virtually no uptake of the offered substrate. The phylogenetic 
diversity of Betaproteobacteria was further studied in detail for their abundances and 
amino acid incorporation. Three lineages were identified as being numerically 
important in Piburger See, i.e. the beta I (R-BT sublineage), beta II (PnecB and 
PnecC sublineages), and beta IV clades. Pronounced differences in amino acid 
incorporation were observed, where beta I bacteria were highly active (almost 80 % 
of these bacteria took up amino acids), whereas almost no beta IV bacteria 
incorporated this substrate. Distinct vertical distribution patterns occurred during 
summer stratification. In parallel with oxygen depletion of hypolimnetic water strata, a 
bloom of bacteria affiliated with PnecC (beta II) and beta IV was observed. Therefore, 
we concluded that bacteria of these betaproteobacterial clades occupy distinct spatial 
niches within the ecosystem Piburger See. 
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3.3. General conclusions and discussion 
By our experimental approaches we were able to identify bacteria with a high 
vulnerability to grazing by heterotrophic nanoflagellates and others with high grazing 
resistance (papers I-III). We demonstrated that the concentrations of limiting nutrients 
such as phosphorus can lead to pronounced shifts in the composition of the bacterial 
assemblage due to competitive advantages or disadvantages of microbes from 
different clades (papers II & III). In order to set our experimental data in a wider 
context, we studied seasonal and spatial variations of the bacterioplankton 
assemblage in a detailed one year survey at Piburger See with a special focus on 
bacterial abundances, biomasses, and the proportion of cells with amino acid 
incorporation (manuscripts V & VI).  
Betaproteobacteria were identified as being highly vulnerable to grazing by 
heterotrophic protists, but at the same time very active and fast growing when 
nutrients such as phosphorus were available (papers I-III). Some bacteria within this 
phylum (esp. the R-BT sublineage of beta I) rapidly dominated the assemblage at 
surplus phosphorus concentrations, but were limited by top-town control (Jezbera et 
al. 2006, Šimek et al. 2006, papers II & III). These bacteria therefore may follow the 
strategy of so-called ‘uptake specialists’ (Thingstad et al. 2005). This strategy is 
characterized by fast growing bacteria with small cell sizes, which favour the diffusive 
nutrient transport. A ‘killing the winner’ mechanism acting in parallel (Thingstad & 
Lignell 1997) balances the co-existence with the so-called ‘defense specialist’, and 
the biomass of the ‘uptake specialist’ is regulated by predator or parasite control. In 
contrast, the resource controlled ‘defense specialist’ is characterized by a high 
predation resistance regulated by cell size (Thingstad et al. 2005), i.e. minute or 
enlarged cell sizes which seem to serve as efficient defense strategies (Hahn & Höfle 
2001). Actinobacteria might fall into this category, as their small cell size may prevent 
these microbes from ingestion by flagellates (Pernthaler et al. 2001).  
Four phylotypes of Betaproteobacteria within three ubiquitous freshwater 
clades (i.e. the beta I, beta II, and beta IV clade; Glöckner et al. 2000) were identified 
in Piburger See, occupying distinct temporal and spatial niches, which were 
particularly separated by declining oxygen concentrations in the hypolimnion 
(manuscript V). Bacteria of the already mentioned R-BT sublineage (beta I) and 
bacteria of the PnecB sublineage (beta II) were equally distributed over the whole 
water column, whereas a distinct bloom of microbes affiliated with PnecC and beta IV 
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was found in anoxic water strata. These bacteria might be able of a facultative or 
obligate anaerobe lifestyle (Alonso & Pernthaler 2005). Moreover, bacteria from the 
different betaproteobacterial clades displayed contrasting incorporation of amino 
acids, including one lineage with very active microbes (i.e. the R-BT sublineage; 
Horňák et al. 2006; Pérez & Sommaruga 2006) and one clade comprising most likely 
methylotrophic bacteria (i.e. the beta IV clade, related to Methylophilus sp.) which did 
not incorporate the offered substrate (manuscript V). Therefore, Betaproteobacteria 
seem to be a very diverse phylum which harbours ecophysiologically different 
freshwater phylotypes. 
Actinobacteria, typically known as soil inhabitants (Goodfellow & Williams 
1983), are gram positive bacteria with a high genomic G+C content. Members of 
freshwater Actinobacteria are globally distributed (Glöckner et al. 2000, Warnecke et 
al. 2004), and were found in very high numbers in a wide range of different lakes 
(Sekar et al. 2003, Warnecke et al. 2005, Allgaier & Grossart 2006). These bacteria 
belonged to the dominant fraction of the bacterioplankton in high mountain lakes 
(Warnecke et al. 2005) and also in Piburger See (Sekar et al. 2003, manuscripts IV & 
VI). Some species within this monophyletic group seemed to be protected by 
protistan grazing due to their small size and their cell wall structure (Pernthaler et al. 
2001, Hahn et al. 2003, Jezbera et al. 2006). Actinobacteria showed no response to 
flagellate grazing and / or surplus amounts of phosphorus in our experimental study 
in Piburger See (papers II & III). However, they seemed to be more competitive at 
times of high grazing pressure (after phytoplankton spring bloom) and low nutrient 
concentrations during an autumnal bloom of the diatom Asterionella sp. (unpublished 
data, Figs. 5 & 6). These bacteria exhibited pronounced seasonal fluctuations in the 
epilimnion of Piburger See, but were not affected by the changing oxygen regime in 
the hypolimnion (unpublished data, Fig. 7). Although Actinobacteria numerically 
dominated in Piburger See, their contribution to total bacterial biomass was almost 
negligible due to their constantly small size (Glöckner et al. 2000, manuscripts IV & 
VI). Actinobacteria represented the highest activity (here defined as amino acid 
incorporation) to biomass ratios (manuscript VI), thus, they may play a very important 
role in the remineralization of low molecular weight compounds of the organic carbon 
pool (Warnecke et al. 2005). 
In contrast, Cytophaga-Flavobacteria represented an altogether very rare 
lineage in Piburger See, but with higher abundances in the anoxic hypolimnion, 
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where they even dominated the assemblage in terms of bacterial biomass 
(manuscript VI). These bacteria formed very large morphotypes such as filaments 
(Alfreider et al. 1996, Pernthaler et al. 1998, manuscripts IV & VI), which seemed to 
convey a resistance against protistan grazing (Šimek et al. 2007, papers I-III). 
Cytophaga-Flavobacteria showed almost no incorporation of radiolabeled amino 
acids (Horňák et al. 2006, Pérez & Sommaruga 2006, manuscript VI). Marine 
representatives of this phylum preferably incorporated high molecular weight 
compounds of the dissolved organic carbon pool (Cottrell & Kirchman 2000). Some 
marine members of Cytophaga-Flavobacteria seem to play an important role in the 
degradation of complex and polymeric organic matter (Kirchman 2002). This might 
also be the case for freshwater Cytophaga-Flavobacteria, although they 
phylogenetically differed from their marine counterparts (Alonso et al. 2007). Thus, 
we recommend studying the incorporation preferences of freshwater Cytophaga-
Flavobacteria for different components of the organic carbon pool, thus elucidating 
their ecological function. Moreover, abundances and biomass of Cytophaga-
Flavobacteria and other members of Bacteroidetes seemed to be underestimated in 
Piburger See, as the general FISH probe CF319a (Manz et al. 1996) covers only a 
part of all available sequences (i.e. 38%, unpublished data). Sequencing of clone 
libraries resulted in a very high number of clones affiliated with Bacteroidetes that 
were not detected by this probe (manuscript VI). Therefore, the design and 
application of FISH probes with a better coverage or the detection of phylotypes not 
covered by probe CF319a are highly recommended. 
Alpha- and Gammaproteobacteria were not further analyzed in the seasonal 
study, as their numbers were almost below detection limit (manuscript VI). However, 
Alphaproteobacteria were able to establish high numbers in the presence of protistan 
predators and adequate nutrient supply (Jürgens et al. 1999, papers II-III). Bacteria 
of this phylum can react to grazing by filament or aggregate formation (Jürgens et al. 
1999, Langenheder & Jürgens 2001, papers I-III). 
To conclude, we were able to identify major bacterial lineages present in 
Piburger See and their response to top-down and bottom-up factors. We highlight, 
that these factors have a pronounce impact on the competitive abilities of different 
bacterial lineages which resulted in changes in the bacterial assemblage. However, 
more research is needed to gain a comprehensive view on the dynamics of 
freshwater bacteria from different clades.    
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Abstract 
We present an image analysis routine to determine the contribution of distinct morphotypes to the total 2 
abundance and biomass of freshwater bacterioplankton and to the fraction of cells detected by 
fluorescence in situ hybridization (FISH). The method was tested on bacterial assemblages from a 4 
prealpine lake (Piburger See, Austria) at characteristic time points during the limnological year. 
Although on average <50% of DAPI (4’,6’-diamidino-2-phenylindole) stained particles were hybridized 6 
with the oligonucleotide probe EUB I-III, we detected most of total biomass determined from DAPI-
staining (up to 89%). The assemblage was numerically dominated by minute cocci and rods <0.6 µm 8 
(mean cell volume = 0.024 µm3). Only a minor part of these morphotypes could be hybridized (15% 
and 40%, respectively). In contrast, larger rods (0.087 µm3), cocci (0.155 µm3) and vibrio-shaped cells 10 
(0.073 µm3) showed much higher probabilities to be detected by FISH. These morphotypes per se 
formed the highest contribution to total biomass which explained the high detection efficiency of 12 
biomass with FISH. Further we determined morphotype distributions within three distinct phylogenetic 
lineages. Actinobacteria were predominately small rods and cocci, whereas bacteria from the 14 
Cytophaga-Bacteroides-Flavobacterium group formed mainly large rods and filaments. 
Betaproteobacteria showed the highest morphological variability. Our analysis illustrates that most 16 
bacterial carbon biomass can be analyzed, even at low numerical detection rates by FISH. Thus, the 
here presented approach could help to elucidate the relationship between geno- and morphotype in 18 
aquatic microbial food webs and to study carbon flow through different bacterial taxa in more detail. 
 20 
Introduction 
Planktonic freshwater bacteria differ in their phenotypes, genotypes and their physiological 22 
properties. It is a challenging task to develop methods at the single cell level that simultaneously 
inform on more than one of these bacterial characteristics. The combination of fluorescence in situ 24 
hybridization (FISH) and DNA-staining with the fluorochrome DAPI (4’, 6’-diamidino-2-phenylindole) 
has to be regarded as one highlight in this context (11). A further improvement of FISH via 26 
combination with microautoradiography techniques indeed informs about the taxonomic affiliation, the 
phenotype and activity patterns (16). Although FISH allows for the simultaneous analysis of the 28 
morpho- and genotype, most studies have only focused on the numerical importance of distinct 
freshwater bacterial lineages, i.e., on cell numbers or on percentages of the total assemblage (4, 37), 30 
rather than on biomasses (5, 24, 38). Many investigations using the oligonucleotide probes EUB338 or 
EUB I-III for the detection of Bacteria (7) share one characteristic observation: Detection rates of 32 
bacteria, hybridized with these probes, are far below 100% of DAPI-positive particles. Bouvier & del 
Giorgio (4) reported an average value of 50% for freshwater systems. Even a further improvement of 34 
FISH via catalyzed reporter deposition (CARD-FISH) did not result in much higher detection rates 
within freshwater assemblages of certain lakes (33). This either points to methodological problems of 36 
the FISH method itself (4), or to an imprecise reference, namely an overestimation of total bacterial 
abundance. DAPI as the typical reference dye for FISH may also stain viruses (2) or even detrital 38 
particles, thus potentially leading to imprecise bacterial numbers. 
manuscript IV 
 
   95
In this study, we highlight that hybridization with probe EUB I-III allows detection of a large 
fraction of freshwater bacterioplankton biomass, even when the hybridization rates are relatively low. 2 
We present an image analysis procedure to discriminate between different bacterial morphotypes and 
to assess their contribution to total bacterial numbers and biomasses. In a second step, we analyzed 4 
which of these morphotypes were detected by FISH, and evaluated their contribution to the total 
assemblage. First tests are presented to link the information on morphotypes with a taxonomic 6 
affiliation by applying three specific oligonucleotide probes. 
 8 
Materials and Methods 
Study site and sampling 10 
Piburger See, a dimictic holomictic lake, was strongly affected by anthropogenic induced 
eutrophication during the 1960ies and 1970ies. Since the installation of an Olszweski tube for removal 12 
of hypolimnetic water in 1970, an oligo-mesotrophic status was reached again only after 30 years (35). 
In May 2005, shortly after the phytoplankton spring bloom, samples were taken with a 5 l Schindler 14 
sampler at 3 m intervals from 0 to 24 m depth (maximum depth = 24.6 m). In June 2005, October 
2005, and January 2006 we took samples in four selected depths (3, 9, 18, and 24 m) to follow the 16 
seasonal patterns of hybridized bacteria (i.e., summer, autumnal and winter stratification). Total 
bacterial abundance was determined also in 3 m intervals for the whole depth profile. Oxygen 18 
concentrations (Winkler-method) and chlorophyll a concentrations (photometry after extraction) were 
determined according to standard techniques. 20 
 
Total abundance of DAPI-positive particles 22 
40 ml samples were fixed with 0.2 µm pre-filtered formaldehyde (3% final conc.) and processed 
within one week to avoid cell losses (36). Subsamples (2 – 3 ml) were stained with DAPI (4 µg ml-1 24 
final conc., 7 min) (27) and filtered on black polycarbonate filters (0.22 µm pore size, Osmonics). We 
used a Zeiss Axioplan Microscope with an optovar for additional magnification (1.25x, 1.6x, 2.0x and 26 
2.5x) and a filter set Zeiss 01 (BP 365, FT 395, LP 397) for UV-excitation. We counted 700 to 1000 
DAPI-stained particles per subsample at a magnification of 2000x. 28 
 
CARD-FISH 30 
Samples of 10 ml were fixed with paraformaldehyde (2% final conc., adjusted to pH 7.4), filtered 
onto white polycarbonate filters (Millipore, Type GTTP, 0.2 µm pore size, 47 mm diameter), and stored 32 
at -20° C until further processing. CARD-FISH was carried out as previously described by Sekar et al. 
(33) using the following HRP-labeled probes: EUB I-III for Bacteria (7), BET42a for Betaproteobacteria 34 
(19), CF319a for members of the Cytophaga-Flavobacterium-Bacteroides group (20), and HGC69a for 
Actinobacteria (29). Signal-amplification was carried out with ALEXA 488 labeled tyramides. 36 
Hybridized cells were analyzed at blue excitation (filter set Zeiss 09, BP 450-490, FT 510, LP 515). 
 38 
 
 40 
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Image analysis procedure (Fig. 1 & 2) 
We used the image analysis software LUCIA G/F (Laboratory Imaging, Prague) for the 2 
determination of organism’s dimensions and morphotypes (28). The system has a user-friendly and 
simple macro-language, which allowed for an extensive automation of the workflow (Fig. 1). Pictures 4 
were taken with a Vosskühler CCD camera (12 bit, resolution = 976×756 pixel) at a magnification of 
125x resulting in a pixel length of 0.055 µm pixel-1. LUCIA G/F works with 8 bit images per channel, 6 
corresponding to 256 possible gray values per pixel (0 = black, 255 = white). One image can be 
composed of up to three gray channels (1-3), resulting in a pseudo color RGB image. We took two 8 
images from the same field of view, one at UV-excitation for the detection of all DAPI-positive cells 
(Channel 1) and a second at blue excitation for the detection of hybridized bacteria within the same 10 
microscopic field (Channel 2). First, we detected all cells of the two channels resulting in two binary 
images (see details below). Afterwards, all morphotypes of channel 1 (DAPI-positive cells) were 12 
measured. Binary images of both channels 1 & 2 were combined by an object-based ‘AND’ function, 
thus selecting those DAPI-positive cells in the binary image of channel 1, which had a counterpart also 14 
in the binary image of channel 2 (hybridized bacteria). Thereafter, cell sizes and morphometric 
parameters were measured from channel 1 again (Fig. 1). By this procedure we estimated also the 16 
percentage of hybridized in total DAPI-positive bacteria. 
 18 
Morphotype detection of total and hybridized bacteria (Fig. 1) 
We applied a ‘Mexican Hat’-type edge detection filter (kernel size = 5×5 pixel) which equalizes 20 
gray values of all pixels within an object to a value of 255 (24). A threshold value of 255 was set by 
default for the generation of the binary image. Although the filter works excellently for the detection of 22 
even very dim cells it slightly overestimates the actual cell dimensions. To reduce the size of objects in 
the binary image we applied morphological “eroding-”, “opening-” and “smoothing-” procedures (28). A 24 
morphological “cleaning” of the binary image removed all objects consisting of less than 5 pixel. Prior 
to measurements the original gray image was overlaid with the red colored binary image for controlling 26 
the effectiveness of the edge detection process and interactively deleting objects other than bacteria 
(flagellates or detrital particles). This workflow was done for both image channels 1 & 2. 28 
To distinguish bacterial morphotypes we applied a sequence of parameter restrictions which 
allowed the stepwise discrimination of the following morphotypes (Fig. 1 & 2A-D): filaments, large 30 
rods, vibrio-shaped cells, large cocci, small rods, small cocci, and rare irregular morphotypes. Before 
cells of a distinct morphotype-class were measured, we overlaid the original gray image with a binary 32 
image presenting solely cells from this class. By this we could interactively delete misclassified 
objects. The manually removed objects were maintained in the binary image of the next detected class 34 
of morphotypes and, therefore, were not lost for the analysis (Fig. 1 & 2). Prior to the actual 
evaluation, we tested different sequences and combinations of discrimination parameters to obtain the 36 
fewest misidentifications. The analysis was started with the detection of filaments defined as cells with 
a Length-parameter (see Table 1) larger than 5 µm. In a next step larger rod-shaped bacteria were 38 
detected. We noticed that DAPI-stained rods of Piburger See had a cell width of 0.26 to 0.33 µm. The 
length distribution of all rod shaped bacteria revealed a maximum for small rods at 0.55 µm (Fig. 2D). 40 
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By applying a restriction parameter of Elongation >2.3 (Fig. 2A) we obtained large rods with a 
minimum cell length of approximately 0.65 µm (Fig. 2C). In addition we set a second restriction of 2 
Circularity <0.85 to avoid the detection of large coccoid cells. For the selection of the third 
morphotype-class, namely vibrio-shaped cells, we chose restrictions of Elongation between 1.1 to 5 in 4 
combination with Circularity <0.7 (Fig. 2B). The shape of vibrios was characterized by very low 
circularity values (Fig. 2B) as these cells have a large perimeter in comparison to a small area. Most 6 
vibrio shaped cells had Elongation values <2.3, however we set the range of Elongation relatively wide 
(between 1.1 to 5) as some rare vibrio-shaped cells showed values up to 3 (Fig. 2A) The detection of 8 
larger coccoid cells (>0.6 µm) was done by a combination of three restrictions, i.e. Elongation <2.5, 
Circularity >0.5 to <1 and MaxFeret >0.6 (Fig. 2C), whereby these combined classifiers allowed for an 10 
efficient exclusion of rare irregular morphotypes. In the next step small rods (<0.6 µm) were analyzed 
by the restriction of Circularity <0.95, small cocci (<0.6 µm) had a Circularity >0.95. Finally we reset all 12 
discrimination parameters to look for rare morphotypes, which were occasionally represented by 
prosthecate cells. 14 
In total, 800-1200 DAPI-positive cells were measured per sample (equivalent to 20-40 images), 
resulting in the detection of 300-600 hybridized cells in channel 2. The following parameters were 16 
determined for each cell: Area, Perimeter, Length, Width, Maximum Feret dimension, Minimum Feret 
dimension, Elongation, Circularity and Class (definitions are given in Table 1, see also Fig. 1). For the 18 
calculation of bacterial cell volumes we selected the adequate length and width. For cells were Length 
(calculated from area and perimeter, Tab.1) was larger than Maximum Feret, we selected the Length 20 
and the corresponding Width. In all other cases the Feret dimensions were used, whereby this step 
was done automatically with an Excel-macro. Mean bacterial cell volumes of all morphotypes were 22 
calculated by modeling cells as cylinders with two spherical ends (Table 1). This formula can also be 
applied for spherical cells, as the term “Length – Width” approaches zero for coccoid cells. Bacterial 24 
cell volumes were converted to cellular carbon contents applying the allometric formula by Loferer-
Krößbacher et al. (18), assuming that carbon corresponds to 50% of the dry weight (Table 1). 26 
Bacterial biomass (in µg C l-1) was calculated by multiplying the cellular carbon content by bacterial 
abundance. 28 
 
Statistical analyses 30 
Regression analyses were performed with the software SigmaPlot 8.02 (SPSS Inc.). 
Differences in the relative abundances of the individual morphotypes within individual phylogenetic 32 
groups were established by 2-way ANOVA using a nested factorial design (morphotypes nested within 
phylogenetic groups). In order to account for the different data distributions the relative abundances of 34 
morphotypes were arcsine transformed prior to analysis. After the establishment of significant 
interactions between the two factors, differences between the fractions of morphotypes within each 36 
phylogenetic group were separately analyzed by 1-way ANOVAs and post-hoc pairwise comparisons 
(Scheffé method). Analyses were performed using the software SPSS (SPSS, Inc., Chicago, Ill., USA). 38 
 
 40 
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Results 
Samples taken in May 2005 characterized the situation shortly after the phytoplankton spring 2 
bloom, which was formed by algae of the classes Cryptophyceae and Chrysophyceae. The lake was 
already thermally stratified and oxygen was not yet depleted above ground (Fig. 3). Maximal numbers 4 
of heterotrophic bacteria developed below the chlorophyll a maxima and above ground (Fig. 3). We 
observed higher detection efficiencies of bacterial biomass rather than abundance with the 6 
oligonucleotide probe EUB I-III (Fig. 3). Pooled data of the profile from May 2005 indicated the 
following morphotype composition (Fig. 4): small cocci (50% of total cells) > large rods (18%) > small 8 
rods (17%) > large cocci (10%) > vibrio-shaped bacteria (5%). Although small cocci numerically 
dominated, they represented a low contribution to total bacterial biomass (20%). Large rods (28%) and 10 
large cocci (31%) formed most of the total biomass (Fig. 4). The detection efficiency with probe EUB I-
III was 30-50% (mean = 36%) of total bacterial abundance (Fig. 4 & 5). The majority of large 12 
morphotypes were hybridized, whereas only 15% of small cocci were detected (Fig. 4 & 5B). The 
highest fractions of hybridized cells were found within large cocci and vibrio-shaped cells (Fig. 5B). 14 
Due to the high contribution of larger cells types, up to 83% of the total biomass could be detected via 
hybridization (mean = 66%). While larger morphotypes generally had higher detection probabilities, 16 
this did not hold true for small rods and vibrio-shaped bacteria (Fig. 5B). However, there was a 
significantly positive correlation between bacterial cell length class and the fraction of therein 18 
hybridized bacteria. The best fitting regression curve (Fig. 5C) was found by a sigmoid model (r2 = 
0.84). Hybridized cells (y-value) within a size class (x-value) could be calculated by the equation: y = 20 
82.6 / (1+e (-(x - 0.555) / 0.163)). 
In June and October 2005 chlorophyll a peaks reflected the occurrence of the diatom 22 
Asterionella sp. The zone of hypolimnetic oxygen depletion reached up to 15 m in October 2005 (Fig. 
6). Although depth profiles of total bacterial abundance and biomass changed during the seasonality 24 
of the lake (Fig. 6), the detection efficiencies of different morphotypes with probe EUB I-III confirmed 
our observations from May 2005. In addition, filaments had developed in some depths. On average 26 
50% (range: 38-64%) of DAPI-positive cells could be hybridized, corresponding to 77% (range 58-
88%) of total biomass (Fig. 6). Total abundance increased above the sediment on all sampling dates. 28 
Highest values were reached during the autumnal thermal stratification, indicating a prominent 
assemblage of potentially microaerophilic or anaerobic bacteria. In January 2006 the bacterial 30 
assemblage was homogeneously distributed down to 21 m, mirroring the period after holomixis (Fig. 
6). 32 
For the last three sampling dates we determined the morphological composition of 3 
phylogenetic lineages (Fig. 7, Table 2). Actinobacteria formed small morphotypes, mainly small rods 34 
(volume = 0.018 µm3) and cocci (0.028 µm3), and there were some larger rods with minimal cell widths 
and consequently low cell volumes (0.024 µm3). We never observed filamentous morphologies of this 36 
lineage. In contrast, all filaments belonged to the Cytophaga-Flavobacterium-Bacteroides group, which 
appeared also as large rods and cocci (Fig. 7, Table 2). A clear correspondence between morphology 38 
and taxonomic affiliation could not be observed for Betaproteobacteria. The morphological variability in 
this group was high, closely mirroring the size distribution of Bacteria (Table 2). Due to their varying 40 
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morphological composition and cell sizes, the contribution of specific lineages to total biomass differed 
from their numerical importance (Table 3). Although Actinobacteria were the most abundant group 2 
(17% - 23% of DAPI-positive particles), their percentage of total biomass was minimal (5% - 11%). 
The opposite was observed for Betaproteobacteria and the Cytophaga-Flavobacterium-Bacteroides 4 
group (Table 3). 
 6 
Discussion 
Methodological remarks 8 
First studies using FISH for analyzing freshwater systems were mainly based on Cy3-labeled 
oligonucleotide probes, see Table 1 in (4). The fluorescence properties of hybridized bacteria were 10 
hampered by the low intensities (especially of small morphologies) and the fast fading of fluorescence 
signals. The introduction of CARD-FISH solved some of these drawbacks, allowing the detection of 12 
even minute cells and yielding bright fluorescence signals of hybridized bacteria. Nevertheless, also 
CARD-FISH can lead to hybridization rates in freshwater systems which are below 100% of total cells 14 
determined via DAPI staining (33). However, it is still not clear if DAPI stained preparations should be 
regarded as the gold standard to evaluate hybridization rates with the probe EUB I-III. This ‘DNA-16 
specific’ dye may lead to unspecific bindings and many other objects than bacteria can be stained, i.e. 
viruses, free DNA adsorbed to particles and submicrometer detrital particles (2, 40). Nevertheless, it 18 
would be too simple to regard all small particles as non-bacterial morphologies. In Piburger See 15 % 
of all minute cocci and 40% of small rods could be hybridized with probe EUB I-III (Fig. 5). As a last 20 
explanation of low hybridization rates, an insufficient coverage of the domain Bacteria by the 
oligonucleotide probe EUB I-III could be envisaged, as only approximately 90% of sequence types in 22 
the database of the Ribosomal Database Project (http://rdp.cme.msu.edu/) are targeted by the probe. 
There is still need for future studies elucidating the characteristics of non-hybridized particles in 24 
freshwater systems. 
In general, hybridization rates with the probes EUB338 or EUB I-III are low (<60%) for bacteria 26 
of various freshwater lakes (4, 37). However, there are also opposing reports. Higher hybridization 
rates were found for manipulation experiments, e.g. size fractionations or nutrient enrichments. In this 28 
context, increased hybridization rates could be often attributed to the disproportional growth of distinct 
lineages with large cell sizes, e.g. Betaproteobacteria (30). Some investigators reported on high EUB-30 
detection rates also for un-manipulated lake samples, surprisingly even for the bacterioplankton of the 
ultra-oligotrophic high mountain lake Gossenköllesee (1, 23, 24, 25). However, the total bacterial 32 
assemblage of that lake with an abundance of 105 cells ml-1 was clearly dominated by larger 
morphologies with cell volumes of 0.06-0.09 µm3 (24). Own observations in Gossenköllesee revealed 34 
a dominance of large rods, vibrio-shaped cells and filaments, whereas small cocci and rods together 
represented only 20% of total DAPI-positive bacteria (unpubl. data.). Consequently, a positive 36 
correlation between the size of a bacterium and its probability to be hybridized could be suggested 
(24). Such a relationship seems to be reasonable for monolabeled oligonucleotide probes. The cellular 38 
ribosome content is probably linked to cell size and therefore hybridization rates would increase with 
cell dimensions. When applying CARD-FISH, this correlation should be less clear, as even few bound 40 
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probe molecules would result in strong signal amplification (32). However, in this study, we found 
indications for a positive relationship between cell size and hybridization success, at least for the 2 
hybridization with probe EUB I-III (Fig. 5C). Concerning different morphotypes we found exceptions, 
e.g. medium-sized vibrio-shaped bacteria showed much higher detection probabilities as would have 4 
been expected (Fig. 5B). Also small rods were more efficiently detected than small cocci, although 
these two morphotypes had equivalent cell volumes (Fig. 5A). This could be an indication that the 6 
latter morphotype may harbor objects of non-bacterial origin. The relation between cell size and 
hybridization probability becomes even more complex when applying specific oligonucleotide probes. 8 
The hybridization of Actinobacteria seemed to be very effective (Table 3), although all detected cells 
had very small cell dimensions. 10 
 
Significance of morphotypes 12 
Already in the year 1933, A.T. Henrici (see plate 1 in (10)) pointed at the huge variety of 
bacterial morphotypes in lakes, criticizing that the isolation of freshwater bacteria on culture plates 14 
does not mirror the morphological variability in situ. As the quantification of bacterioplankton is mainly 
based on direct counting techniques, an extensive knowledge of the ecological significance of 16 
bacterial morphotypes would be expected. Moreover, several authors have presented sophisticated 
image analysis routines for an automated detection of bacterial morphotypes from various ecosystems 18 
(3, 8, 17). Surprisingly, to date only few studies reported on the morphotype composition of freshwater 
bacterioplankton (9, 31) and on the seasonal succession of morphotypes (13, 15). Some conspicuous 20 
morphotypes (filaments, prosthecate bacteria) have been studied in more detail; e.g. in the context of 
predation pressure by bacterivorous protists (14). Image analysis systems even allowed to link 22 
information about distinct larger morphotypes with cell specific physiological activities, like 
phosphatase activity (21), uptake of radiolabelled substrates (6, 22) or respiratory activity (28). In 24 
contrast, the functional role of less conspicuous morphotypes, e.g. small cocci, rods and vibrio-shaped 
bacteria, is still poorly investigated, although these forms can dominate freshwater bacterioplankton. 26 
Striking ideas about the ecological and evolutionary significance of bacterial cell morphology are 
explored in the review of K.D. Young (39). The author lists multiple examples of how bacterial 28 
morphology can be linked to nutrient access, the bacterial cell cycle, attachment, motility, and 
predation. Currently, most observations are still based on lab experiments with isolated bacteria. 30 
Single or multiple nutrient limitations can strongly affect the morphological variability of single strains, 
e.g. of Vibrio sp. (12) or Caulobacter sp. (26). Regarding field studies, it seems that our knowledge is 32 
still restricted how grazing pressure and especially nutrient limitation will form the in situ composition of 
less conspicuous bacterial morphotypes and their activities (34). In this context the high surface-to-34 
volume ratios of small thin rods and vibrio-shaped cells (39) could be regarded as one adaptation-
strategy to low nutrient concentrations in freshwater systems. 36 
 
Morphotypes and biomasses of specific lineages 38 
In situ hybridization techniques allow for linking morphotypic with genotypic information. In 
Piburger See, some phylogenetic lineages formed specific morphotypes (Fig. 7), e.g. Actinobacteria 40 
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were predominately small rods and vibrios. Such clear patterns were not observed for 
Betaproteobacteria, which exhibited a high morphological variability, possibly reflecting a high 2 
phylogenetic or growth status diversity within this group. Moreover, it happened that a single 
phylogenetic lineage, although present at low abundance, can dominate the total bacterial biomass 4 
and vice versa (Table 3). Thus, the measurements of cell size and shape of bacteria from specific 
lineages will be a prerequisite to obtain a more detailed picture of biomasses, production and carbon 6 
fluxes in microbial food webs (38, 41) and to link morphotypes to ecophysiological adaptations. 
 8 
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Figure legends 
Figure 1: Flow diagram of the image analysis routine for quantifying 7 different morphotypes of the 
total bacterial assemblage (DAPI-image, channel 1). The contribution of hybridized cells (FISH-
image, channel 2) can be assessed by working with double layer images of the same 
microscopic field. Gray images of five morphotypes and the corresponding binary images are 
shown. See text and Table 1 for further explanations. 
Figure 2: Examples for the use of parameter restrictions allowing for the stepwise discrimination of 
bacterial morphotypes (A-C), for details see text. Gray shaded boxes indicate morphotypes 
already excluded from the stepwise detection of morphotypes. Large rods were defined as cells 
with an Elongation >2.3 (Fig. 2A) and a Circularity < 0.85. Afterwards vibrio shaped cells were 
detected by the restriction Circularity <0.7 (Fig. 2B). Thereafter, large cocci were defined by 
Maximum Feret >0.6 µm (Fig. 2C). The bars show the 25th, 50th, and 75th percentiles of all data, 
whiskers stand for the 10th and 90th percentiles, and black circles indicate the 5th and 95th 
percentiles (n = 1200 measured bacteria). Diamonds symbolize the arithmetic means. The size 
distribution of all rod shaped cells indicated a peak of small rods (average length = 0.55 µm) 
and a wide size range of larger rods (Fig. 2D). 
Figure 3: Sample profiles taken from Piburger See (Austria) in May 2005 shortly after the 
phytoplankton spring bloom. (A) Profiles of temperature, oxygen, chlorophyll a. Abundance (B) 
and biomass (C) of all DAPI-positive particles (Total) and of cells hybridized with the 
oligonucleotide probe EUB I-III (EUB). 
Figure 4: Top figures: Contribution of five different bacterial morphotypes to the total number and 
biomass of DAPI-positive particles (= 100%) in Piburger See (Austria, May 2005). Lower 
figures: Percentages of DAPI-positive morphotypes, also hybridized with the oligonucleotide 
probe EUB I-III, to the total abundance and biomass. The width of each column resembles the 
total EUB detection rate (per each depth: n=800-1200 DAPI positive cells corresponding to 300-
600 hybridized cells). 
Figure 5: (A): Mean cell volumes of EUB I-III hybridized morphotypes. (B): Detection frequency of 
different bacterial morphotypes by hybridization with the oligonucleotide probe EUB I-III. The 
bars show the 25th, 50th, and 75th percentiles of all data and whiskers stand for the 10th and 90th 
percentiles. (C): Relationship between bacterial cell length class and the fraction of therein 
hybridized bacteria. The sigmoid regression (r2 = 0.84) determines the hybridized cells (y-value) 
within a size class (x-value): y = 82.6 / (1+e ( -(x - 0.555) / 0.163 ) ).  
Figure 6: Left: Profiles of temperature, oxygen, chlorophyll a at summer (June 05) and autumnal 
stratification (October 2005), and after mixis (January 2006) in Piburger See (Austria). 
Contribution of six different bacterial morphotypes hybridized with probe EUB I-III to the total 
number (middle figures) and biomass (right figures) of DAPI-positive particles. 
Figure 7: Morphotype frequency patterns of four phylogenetic lineages in Piburger See (Austria). 
Bacteria were hybridized with the following oligonucleotide probes: EUB I-III for Bacteria, 
BET42a for Betaproteobacteria, HGC69a for Actinobacteria and CF319a for the Cytophaga-
Flavobacterium-Bacteroides group. Values are pooled from three sampling dates and four 
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sampling depths. The bars show the 25th, 50th, and 75th percentiles of all data, whiskers stand 
for the 10th and 90th percentiles, and black circles indicate the 5th and 95th percentiles. 
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Table 1: Definition of cell specific parameters determined with the image analysis software LUCIA G/F 
(Laboratory imaging, Prague), (Pr = Projection). 
Parameter 
 
Method of determination Comment 
Area 
(µm2) 
 
∑(pixels within an object) × (pixel area) Useful for calculation of cell 
dimensions. 
Perimeter 
(µm) 
 
0.25 × π × (Pr0 + Pr45 + Pr90 + Pr135) Useful for calculation of cell 
dimensions. 
Length 
(µm) 
 
0.25 × (Perimeter + │Perimeter2 − 16 × 
Area│0.5) 
Reliable length-estimation for 
curved cells and filaments. 
Width 
(µm) 
 
Area ⁄ Length Reliable width-estimation for 
curved cells and filaments. 
Maximum Feret 
(µm) 
 
Maximum value between tangents circulating at 
angle α = 0, 10, 20,….180° around the object. 
Reliable length-estimation of 
straight rods and coocoid cells. 
Minimum Feret 
(µm) 
 
Minimum value between tangents circulating at 
angle α = 0, 10, 20,….180° around the object. 
Reliable width-estimation of 
straight rods and coocoid cells. 
Elongation 
 
Maximum Feret ⁄ Minimum Feret Allows the detection of rods. 
Circularity 
 
 
4 × π × Area × Perimeter-2 Value = 1 for circles,  <1 for rods. 
Vibrios have very low values. 
Morphotype 
Class 
 
 
 
Assigned value between 1 and 7 depending on 
morphological characteristics. 
Characterizes the morphotype 
(e.g. filaments = class 1, large 
rods = class 2,….). 
Volume 
(µm3) 
 
(4 ⁄ 3 × 0.125 × Width3 × π) + 
(Length − Width) × (0.25 × Width2 × π) 
Cells are regarded as a cylinder 
with two spherical ends. 
Carbon content 
(fg C cell-1) 
 
86.0218 Volume∗  Allometric formula regards the 
higher carbon to volume ratio of 
small cells (reference (18)). 
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Table 2: Differences in the relative abundances of morphotypes within individual phylogenetic groups 
as established by 2-way ANOVA and post-hoc pairwise comparisons (Scheffé method). Identical 
numbers indicate groups that are statistically indistinguishable. -1 = significantly lower percentage than 
group(s) 0; +1 = significantly higher percentage than group(s) 0. 
 EUB I-III BET42a HGC69a CF319a 
Small cocci +1 0 +1 0 
Small rods 0 0 +1 -1 
Vibrio shaped 0 0 0 -1 
Large rods 0 0 -1 +1 
Large cocci 0 0 -1 +1 
Filaments 0 0 0 +1 
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Table 3: Contribution of bacteria hybridized with different oligonucleotide probes (for probe 
abbreviations see text) to total abundance of all DAPI positive bacteria. Biomass (mean ± standard 
deviation) of all DAPI positive bacteria and of hybridized bacteria. Contribution of hybridized bacteria 
to total bacterial biomass and to the biomass of Bacteria (hybridized with probe EUB I-III). Data were 
pooled for three sampling dates (June and October 2005, January 2006) for the aerobic depth zones 
(n=8) and the anaerobic depth zone (n=4). 
 ALL DAPI EUB I-III BET42a HGC69a CF319a Sum of probes 
% of total abundance       
Aerobic zone 100 48 10 23 4 37 
Anaerobic zone 100 61 25 17 9 51 
       
Biomass (µg C l-1)       
Aerobic zone 35 ± 9 26 ± 7 6 ± 3 4 ± 1 5 ± 1 15 ± 5 
Anaerobic zone 88 ± 60 73 ± 49 24 ± 9 4 ± 0 31 ± 12 59 ± 21 
       
% of total biomass       
Aerobic zone 100 74 18 11 15 44 
Anaerobic zone 100 83 27 5 35 67 
       
% of EUB I-III 
biomass       
Aerobic zone - 100 24 16 20 60 
Anaerobic zone - 100 33 6 42 81 
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Abstract 
We investigated the diversity of planktonic Betaproteobacteria and the seasonal 2 
population changes of betaproteobacterial taxa in an oligo-mesotrophic lake (Piburger See, 
Austria). Focus was put on the vertical distribution of the investigated populations and on 4 
differences between their respective cell fractions with visible amino acid incorporation. On 
average 66% of betaproteobacterial cells and 73% of their diversity could be attributed to three 6 
lineages that were further analyzed by fluorescence in situ hybridization. The numbers of bacteria 
from the R-BT subclade of the beta I lineage and from the PnecB subgroup of the beta II cluster 8 
were rather constant throughout the water column. In contrast, members of another subgroup of 
beta II (PnecC) and bacteria related to Methylophilus (beta IV) were particularly numerous in the 10 
oxygen-depleted zone. In general, only moderate seasonal changes in abundance were observed 
in the upper water layers, whereas there was a clear relationship between decreasing oxygen 12 
levels and the rise of bacteria from the PnecC and beta VI clades in deeper strata. On average, 
almost 80% of beta I bacteria but <15% of cells from the beta IV clade showed visible amino acid 14 
incorporation. Our results suggest that the studied populations occupy distinct vertical and 
ecophysiological niches in Piburger See. 16 
 
Introduction 18 
Seasonality of freshwater bacterioplankton at the community level has been the topic of 
numerous studies. It has been shown that bacterial abundances, biomasses, and bulk production 20 
may follow seasonal patterns of phytoplankton development and/or physicochemical changes 
(e.g. Coveney & Wetzel, 1995; Simon et al., 1998). However, the seasonal successions of lake 22 
bacterioplankton are much less understood than of phyto- or zooplankton (Sommer et al., 1986). 
This is mainly due to the limited information on temporal changes of the taxonomic composition of 24 
freshwater microbial assemblages. 
There is, however, first evidence that different freshwater bacteria exhibit specific seasonal 26 
succession patterns. For example, a species-like clade within Betaproteobacteria showed 
pronounced summer maxima of population sizes that were tightly correlated with water 28 
temperature (Hahn et al., 2005; Wu & Hahn, 2006a; 2006b). Actinobacteria from a typical 
freshwater lineage may form spring and autumn maxima in temperate lakes (Burkert et al., 2003; 30 
Allgaier & Grossart 2006), and a rise of filamentous bacteria affiliated with Saprospiraceae was 
observed in parallel with the decay of phytoplankton spring bloom (Schauer et al., 2006). Short-32 
lived peaks of filamentous morphotypes related to Sphingobacteria and Alphaproteobacteria were 
also found during periods of high densities of bacterivorous nanoflagellates (Pernthaler et al., 34 
2004; Nishimura & Nagata, 2007).  
One drawback of many seasonal studies is the exclusive focus on the surface water layers 36 
(e.g. Burkert et al., 2003; Wu & Hahn, 2006a). Thermally stratified lakes typically exhibit 
pronounced depth gradients of physicochemical parameters, and higher abundances and 38 
biomasses of microorganisms can be found in deeper water layers (Cole et al., 1993). The 
oxygen-depleted hypolimnion may represent a niche for specialized microorganisms such as 40 
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fermenting bacteria, denitrifiers, methanotrophs, methylotrophs, or autotrophic sulfure bacteria 
(Casamayor et al., 2000; Lehours et al., 2007). Moreover, some heterotrophic bacteria from the 42 
oxic layers may be capable of a facultative anaerobic metabolism (Alonso & Pernthaler, 2005). 
Such ecophysiological questions can be addressed by combining phylogenetic identification with 44 
the assessment of single cell activity (Lee et al., 1999). 
Betaproteobacteria are a prominent group of freshwater bacterioplankton that may form 46 
high abundances in lakes of different trophic status (Glöckner et al., 1999; Wu et al., 2006). 
Several authors have defined four to six phylogenetic clusters of freshwater Betaproteobacteria 48 
(Glöckner et al., 2000; Zwart et al., 2002). So far, research has mainly been focused on the 
ecology of bacteria from the beta I (also called Rhodoferrax and GKS16) and beta II (also called 50 
Polynucleobacter necessarius) clades (Šimek et al., 2001; 2006; Burkert et al., 2003; Wu & Hahn, 
2006a; 2006b; Wu et al., 2006; Pérez & Sommaruga, 2006; 2007). In contrast, less is known 52 
about the cosmopolitan betaproteobacterial clusters beta III and beta IV (Glöckner et al., 2000). 
We investigated the diversity of Betaproteobacteria and the seasonal abundance 54 
fluctuations of different betaproteobacterial lineages in a prealpine softwater lake in the context of 
changes in physicochemical parameters and chlorophyll a concentrations. Since this lake is 56 
characterized by stable summer stratification and an anaerobic hypolimnetic layer, focus was also 
put on vertical distribution patterns. In addition, potential differences between the studied 58 
populations in their preferences for amino acids were assessed.  
 60 
Results 
Seasonal changes of water chemistry and chlorophyll a 62 
Piburger See was ice-covered from the beginning of our study in February 2005 until March 
2005 and again from December 2005 until the end of the investigation period in February 2006. 64 
Spring mixis occurred in April 2005, but the oxygen profiles suggested only partial hypolimnetic 
oxygen replenishment. The lake was stratified between May and November 2005, and the 66 
metalimnion extended from 3 m depth in May to 12 m depth in November (Fig. 1). Oxygen was 
strongly depleted in the hypolimnion during stratification, and the anoxic water body extended up 68 
to a depth of 18 m in November 2005 (Fig. 1). Autumnal mixis occurred in early December and 
the aerobic zone expanded to at least 21 m depth in January 2006. Dissolved phosphorus 70 
concentrations ranged from 1.7 µg l-1 in 3 m in August to a maximum of 40.9 µg l-1 in 24 m depth 
in March. Nitrate was presumably consumed by algae in the upper layers of the lake during the 72 
growing season, whereas its concentrations in the hypolimnion strongly decreased with oxygen 
depletion (Fig. 1), concomitant with an accumulation of ammonium during late summer and 74 
autumn (data not shown). 
Two pronounced peaks of chlorophyll a concentrations were observed in June-July and 76 
September-November, respectively. The first maximum was mainly formed by Chrysophyceae. A 
second, late autumn phytoplankton bloom almost exclusively consisted of the diatom Asterionella 78 
sp..  
 80 
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Diversity and phylogenetic affiliation of freshwater Betaproteobacteria 
Altogether 39 nearly full-length and 8 partial 16S rRNA gene sequences affiliated with 82 
Betaproteobacteria were obtained in four clone libraries from different sampling depths and dates. 
Three almost complete sequences were subsequently identified as chimeras and excluded from 84 
further analysis. Our sequencing effort was sufficient to sample a high proportion of the total 
diversity of Betaproteobacteria in the libraries at 98% of sequence similarity. This was indicated by 86 
(i) a high value of Good's coverage (>0.9) and (ii) a stable estimate of total predicted phylotypes 
(Chao1 estimator: 13 predicted vs. 11 observed) after the analysis of at least 30 sequence types. 88 
The majority of sequences (55%) were related to two well-separated branches within a 
phylogenetic lineage that is targeted by FISH probe MET1217 (Fig. 2). One of these subgroups 90 
(beta IVa) exclusively consisted of sequence types from the pelagic zone of freshwaters, whereas 
the other one (beta IVb) contained sequence types from a variety of habitats (wastewater 92 
treatment pools, groundwater, sediments, soil, ect.), but none from the water column. Nine 
percent of our sequences fell into the branch of beta I bacteria detectable by probe R-BT065 and 94 
9% into the beta II clade (targeted by probe Beta2-870). All clones affiliated with the beta II clade 
were related to the species-like subcluster PnecC and targeted by probe PnecC-445. Of the 96 
remaining 12 sequences, two were affiliated with the beta III clade (GKS98 cluster), and the rest 
with the beta I lineage, albeit not detectable by probe R-BT065: Two sequences were related to 98 
the Rhodoferax sp. BAL47 clade (Zwart et al., 2002), two to Coccomonas, four to Rhodoferax 
fermentans, and one to the GKS16 clade (Zwart et al., 2002) and to Leptothrix, respectively. 100 
 
Seasonal and vertical distribution patterns of different lineages of Betaproteobacteria 102 
Between 34 to 100% (mean: 66%) of all Betaproteobacteria could be assigned to three 
phylogenetic groups by FISH with specific oligonucleotide probes. Microbes of the R-BT branch of 104 
the beta I lineage formed one third of all Betaproteobacteria in 3 and 9 m depth, but their 
contribution was significantly smaller (16%) in the hypolimnetic layers (Tables 1, 2). By contrast, 106 
the fractions of Betaproteobacteria affiliated with the beta II clade increased with depth, from 19% 
(3 m depth) to 27% (24 m depth). This was even more pronounced for beta IV bacteria, which 108 
formed only a small proportion of Betaproteobacteria (5%) in the epi- and metalimnion, but almost 
40% in the anoxic layer. 110 
Members of the R-BT sublineage of the beta I clade were present throughout the whole 
water column (Fig. 3) where they constituted between 1.4 and 7.6% of total (DAPI) cell counts. 112 
These bacteria showed seasonal fluctuations in the epilimnion with two maxima between April and 
June (3 m) and October to November (3 and 9 m). Distinctly higher abundances of R-BT bacteria 114 
were observed in the anoxic hypolimnetic water body (24 m) during summer stratification (June 
and July).  116 
Bacteria from the beta II and beta IV clades (Probes Bet2-870 and MET1217) were both 
most abundant in hypolimnetic, oxygen-depleted waters (Figs. 4, 5). Members of the beta II clade 118 
occurred in rather low densities in the oxygenated water column (Fig. 4). In 18 m depth their 
numbers increased approximately threefold in parallel to the progressing oxygen depletion 120 
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between June and July (Fig. 1). Here, they maintained high abundances until November and 
subsequently decreased to approximately initial numbers (0.6 × 105 cells ml-1). In 24 m, beta II 122 
bacteria increased in numbers between May and June and remained stable thereafter. Virtually all 
bacteria hybridized with probe Bet2-870 could be assigned to the sum of two specific probes for 124 
two subclades within beta II (PnecB, PnecC). Moreover, clear differences in the vertical 
distribution patterns of the two sublineages were observed. While bacteria affiliated to PnecB and 126 
PnecC occurred in roughly equal abundances in the oxygenated water column, the bloom of beta 
II bacteria in the sub- and anoxic layers of Piburger See could be almost entirely attributed to 128 
microbes related to PnecC (Fig. 4).  
A similar trend as observed for PnecC but even more pronounced was found for microbes 130 
affiliated with the beta IV lineage (Fig. 5). In the epi- and metalimnion (3-9 m) these bacteria were 
close to the lower limit of precise quantification by our FISH approach (i.e., approximately 1% of 132 
total counts) throughout the investigation period (mean ± standard deviation, 0.15 ± 0.1 × 105 cells 
ml-1). Beta IV bacteria increased in numbers by >20 times in 18 m depth between May and June, 134 
maintained high densities until November and sharply declined thereafter. By contrast, bacteria 
from this lineage were always abundant in 24 m depth (between 2.6 – 5 × 105 cells ml-1), forming 136 
distinct maxima in early summer and late winter (June and February, respectively). 
 138 
Incorporation of amino acids by different groups of Betaproteobacteria 
On average, 76% of all Betaproteobacteria with visible incorporation of amino acids were 140 
members of the three studied subgroups. While beta I and beta IV bacteria showed only slight 
changes in amino acid uptake activity, microbes of the beta II lineage exhibited pronounced 142 
temporal and vertical fluctuations (Table 2, Figs 3, 4, 5).  
Bacteria from the beta I clade had significantly higher fractions of active cells than the other 144 
two groups (ANOVA, p<0.001), and on average 79% (min: 52%, max: 94%) of cells hybridized by 
probe R-BT065 incorporated amino acids (Fig. 3). These bacteria represented >60% of all active 146 
Betaproteobacteria in the upper layers (3 and 9 m depth), but only approximately one third in the 
hypolimnion (18 and 24 m depth). Bacteria from the beta II clade showed the opposite trend, with 148 
higher contributions to active Betaproteobacteria in 24 m depth (30%) than in the epilimnion 
(16%). On average, approximately one third of these bacteria incorporated amino acids (mean: 150 
36%, min: 13%, max: 70%) (Fig. 4). The highest fractions of active beta II cells (mean 53.6%) 
were found between June and November in 18 m, and between June and February in 24 m depth, 152 
respectively. Due to the low abundances of beta IV bacteria in the upper water body it was not 
possible to determine MAR-positive fractions of these bacteria in 3 and 9 m depth. Members of 154 
this lineage showed significantly (ANOVA, p<0.001) lower amino acid uptake activity (mean 13%, 
min: 7%, max: 20%) than the other studied groups in 18 and 24 m. Consequently, their 156 
contribution to total MAR-positive Betaproteobacteria was low.  
 158 
 
 160 
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Relationship between environmental parameters and distribution patterns of different 
Betaproteobacteria  162 
The first two axes of the RDA model explained 99.1% of the variability in abundance and 
amino acid uptake of the different betaproteobacterial groups (Fig. 6). Axis 1 explained 93% of the 164 
variability and was found to correlate most highly with oxygen concentrations (r=-0.85) and 
dissolved phosphorus (r=0.68). The second axis explained only 6.1% of the variability. Dissolved 166 
organic carbon and chlorophyll a concentrations were identified as the most important second axis 
variables (r=-0.40 each). Population sizes of beta IV and PnecC bacteria were clearly separated 168 
from R-BT and PnecB bacteria on the first axis of RDA, and from each other on the second one. 
By contrast, the abundances of R-BT bacteria were mainly related to the second axis, where they 170 
aligned with PnecC bacteria. RDA did not significantely explain changes in the fractions of active 
cells in either R-BT or beta II bacteria. 172 
 
Discussion 174 
Occurrence of Betaproteobacteria as detected by FISH and clone libraries 
Recently, Cottrell and coworkers (2005) compared microbial diversity in PCR based and 176 
metagenomic clone libraries from a river. Sequences related to the beta II and beta IV clades 
were only detected in the PCR based libraries, whereas beta I sequences were found in both. The 178 
authors asked for additional FISH data with probes specific for the beta II and beta IV lineage to 
resolve their numerical importance. Our study illustrates that bacteria from all three clades were 180 
common in Piburger See (Figs 3, 4, 5).  
While over 80% of all Betaproteobacteria could be hybridized by the applied set of probes 182 
in the anoxic water body of Piburger See, FISH coverage was substantially lower (60%) in the epi- 
and metalimnetic samples. Thus other Betaproteobacteria might also form large populations in the 184 
lake at least seasonally. This is also suggested by sequence analysis: Approximately one quarter 
of the sequence types in our 16S rRNA gene clone libraries (mainly from other branches of the 186 
highly diversified beta I lineage) were not detected by the specific FISH probes (Fig. 2). Two 
sequence types from 9 m depth untargeted by our FISH probes were related to the beta III 188 
(GKS98) clade. These bacteria were originally described from a softwater high mountain lake 
(Pernthaler et al., 1998), but are widely distributed across freshwater systems (Zwart et al., 2003; 190 
Wu et al., 2006). Interestingly, bacteria from the species-like PnecB lineage of beta II could be 
detected by FISH throughout the investigation (Fig. 4). However, no corresponding PnecB 192 
genotypes were present in our sequence collection, although different indices suggested that 
most betaproteobacterial diversity in the libraries at the species level had been covered.  194 
 
Substrate incorporation patterns of different Betaproteobacteria 196 
The three studied betaproteobacterial populations clearly differed in their respective 
incorporation of radiolabeled amino acids (Table 2, Fig. 3, 4, 5). In the epi- and metalimnion the 198 
fractions of active bacteria from the R-BT clade were always larger than from the beta II clade 
irrespective of, e.g., changes in water temperature or DOC concentration, and there were always 200 
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less MAR-positive cells in the beta IV than in the beta II lineage in anoxic waters. This suggests 
that there might be consistent, growth-rate independent differences in the preference of the three 202 
populations for amino acids characteristic of their respective ecophysiological niches. 
Unfortunately it was not possible to incubate MAR samples at strictly ambient oxygen 204 
conditions in the suboxic and anoxic layers of Piburger See (18-24m). Therefore, the high 
fractions of MAR-positive cells from the beta I and II lineages (Figs 3, 4) might not accurately 206 
reflect their in situ levels of activity, but rather indicate their potential for a facultatively anaerobic 
lifestyle. Since amino acid uptake is dependent on ATP-driven transporter systems (Hosie & 208 
Poole, 2001), oxygen-independent energy sources might be used by these bacteria for the 
incorporation of the offered substrates. A facultatively anaerobic metabolism of beta II and beta IV 210 
bacteria in 18 m depth was also suggested by the rather constant percentages of active cells in 
this layer throughout the season irrespective of the drastic changes in ambient oxygen 212 
concentrations (Table 2, Figs. 1, 3, 5). 
 214 
Members of the R-BT subclade of Betaproteobacteria 
All sequences affiliated with the R-BT subcluster (and detected by probe R-BT065) 216 
originated from clone libraries from 3 or 9 m depth, suggesting that bacteria from this widespread 
group of freshwater bacteria (Zwart et al., 2002; Glöckner et al., 2000) preferably inhabited the 218 
oxygenated layers of Piburger See. However, R-BT bacteria were also present and highly active 
in hypolimnetic layers of the lake (Fig. 3). This hints at high ecological plasticity within this lineage, 220 
as has been observed for other freshwater Betaproteobacteria (Hahn, 2006). 
The population sizes of R-BT bacteria in Piburger See showed some seasonal variability 222 
both in the epi- and hypolimnion (Fig. 3). This was also reflected in their alignment with the 
second axis of redundancy analysis (Fig. 6), which is most strongly related to seasonal 224 
parameters such as chlorophyll a and DOC concentrations (Fig. 1). Bacteria detectable with probe 
R-BT065 are preferably ingested by heterotrophic nanoflagellates (Jezbera et al., 2006), and they 226 
are typically enriched if protistan predators are eliminated via size-fractionation (Šimek et al., 
2001; 2005) or dilution (Pérez & Sommaruga, 2006). In fact, these microbes may compensate 228 
predation mortality by their unusually high growth rates (Šimek et al., 2001; 2005; Horňák et al., 
2006). R-BT bacteria were observed to rapidly multiply after addition of phosphorus (Šimek et al., 230 
2006; Salcher et al., 2007), algal derived DOC (Pérez & Sommaruga, 2007), or if transplanted 
from nutrient-poor to nutrient-richer environments (Šimek et al., 2006). Altogether these findings 232 
indicate that microbes from this phylogenetic lineage follow an "opportunistic" life strategy i.e., that 
they respond to environmental changes by rapid increase in growth rates, but are also tightly 234 
controlled by predation. 
 236 
Beta II subgroup of Betaproteobacteria 
Bacteria related to the beta II lineage have been found in acidic, alkaline and neutral 238 
freshwater habitats in different climatic zones (Hahn, 2003; Wu et al., 2006). Water chemistry, in 
particular pH and salinity, has been identified as an important factor for the ecological 240 
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differentiation of two subclusters within this lineage, PnecB and PnecC (Wu & Hahn, 2006a, b). 
Beta II bacteria appear to be readily culturable, e.g. by gradual acclimatization to rich media 242 
(Hahn, 2003). Numerous strains of free-living, aerobic, heterotrophic ultramicrobacteria from this 
lineage (predominantly from the PnecC and PnecD subclades) have been isolated from various 244 
freshwaters (Hahn, 2003; Hahn et al., 2005; Wu & Hahn, 2006a; Vannini et al., 2007). The 
generally small cell sizes of beta II bacteria have also been confirmed in situ (Wu & Hahn, 2006a), 246 
and some strains seem to range at the lower size-dependent uptake limit of heterotrophic 
nanoflagellates (Boenigk et al., 2004). 248 
In the epi- and metalimnion of Piburger See, the subgroups PnecB and PnecC each 
approximately represented half of all beta II bacteria, respectively (Fig. 4). Microbes related to 250 
PnecB were present in low numbers (0.2-1.5% of total cells, Table 2) throughout the year in all 
depth layers, and no pronounced seasonality could be observed. In contrast, distinct seasonality 252 
of PnecB bacteria was found in surface waters of Lakes Mondsee and Taihu, with maxima in 
summer and winter, respectively (Wu & Hahn, 2006a). The species-like PnecC subcluster of the 254 
beta II clade harbors ecologically distinct free-living strains as well as phylogenetically closely 
related obligate endosymbionts of the freshwater ciliate Euplotes sp. (Polynucleobacter 256 
necessarius) (Hahn, 2003; Vannini et al., 2007). PnecC bacteria may persistently occur in humic 
lakes (Newton et al., 2006), where they can form pronounced seasonal fluctuations (Burkert et al., 258 
2003) and transient blooms of up to 60% of total cells (Hahn et al., 2005). However, members of 
PnecC are widespread across various freshwaters and have, e.g., also been reported to form 260 
seasonal blooms in a shallow eutrophic subtropical lake (Wu & Hahn, 2006a). 
So far, there is no information about the vertical distribution of PnecC bacteria in 262 
freshwaters. Our findings thus expand the current knowledge about the ecology of PnecC bacteria 
by illustrating their potential preference for oxygen-depleted and anoxic waters: Members of the 264 
PnecC lineage formed a distinct summer maximum in the hypolimnetic waters (18 m) of Piburger 
See, and they were significantly more numerous at 24 m depth than in the two epi- and 266 
metalimnetic layers (Fig. 4). Moreover, >50% of all cells affiliated to beta II from anoxic waters 
(and thus presumably to PnecC) readily incorporated amino acids, indicating de novo biomass 268 
production by these bacteria. It is, therefore, likely that members of the PnecC clade can either 
use other electron acceptors than oxygen or that they are capable of fermentation. 270 
 
Bacteria affiliated with the beta IV lineage 272 
All 16S rRNA gene sequences from the beta IV lineage obtained from Piburger See fell into 
two well-separated branches (Fig. 2). One clade (beta IVa) exclusively contains freshwater 274 
sequences of the beta IV (Glöckner et al., 2000) or LD28 cluster (Zwart et al., 2002), as well as all 
of our sequences from 3 and 9 m depth (plus one from 24 m). All but one of the other 276 
betaproteobacterial sequences in our 24 m clone library were affiliated with a second lineage 
(beta IVb) that harbors sequences from habitats such as wastewater treatment plants, 278 
groundwater, subsurface water, mine drainage water, sedimentary rocks, lake sediment, or oil 
polluted soils (e.g. Connon et al., 2005; Battaglia-Brunet et al., 2006). The closest taxonomically 280 
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described relative of beta IV bacteria is Methylophilus methylotrophus. It is an obligate type I 
methylotrophic bacterium, isolated from activated sludge (Jenkins et al., 1987) which can grow 282 
only on one-carbon organic compounds such as methanol or formaldehyde, but does not use 
methane as substrate (Anthony, 1982). Other cultured bacteria closely related to the freshwater 284 
beta IV lineage are also known to be methylotrophs (e.g. Methylobacillus sp. (Yordy & Weaver, 
1977), Methylovorus sp. (Govorukhina & Trotsenke, 1991)). Members of the family 286 
Methylophilaceae are important denitrifyers in wastewater treatment plants and some of these 
bacteria use methanol as a substrate in situ (Ginige et al., 2004). Stable isotope probing in lake 288 
sediment microcosms with the 13C labelled C1 substrates methanol, methylamine and 
formaldehyde selectively yielded sequence types related to Methylophilaceae (Nercessian et al., 290 
2005). 
The FISH probe MET1217 was independently designed by Friedrich et al. (2003) and 292 
Ginige et al. (2004) for studying bacterial communities in an industrial biofilter and in an anoxic 
methanol-fed sequencing batch reactor, respectively. CARD-FISH revealed a distinct vertical 294 
pattern of these bacteria in Piburger See (Fig. 5). While cells hybridized by probe MET1217 were 
almost absent in the epi- and metalimnion, these bacteria formed the dominant fraction of 296 
Betaproteobacteria in the hypolimnion (Table 2, Fig. 5). Due to the rather broad specificity of the 
probe (Fig. 2) it remains unclear if bacteria from both branches of beta IV shared the same vertical 298 
distribution. Recently, eight strains of the beta IVa cluster have been isolated from three German 
lakes on a mix of organic substrates under aerobic conditions (Gich et al., 2005), indicating that 300 
these bacteria might be more important in epilimnetic waters. By contrast, all but two 16S rRNA 
gene sequences from our 24 m library were from the beta IVb lineage, and other sequences from 302 
this subclade were mainly obtained from anoxic habitats (Fig. 2). Therefore, we hypothesize that 
predominantly methylotrophic bacteria affiliated with the beta IVb lineage were abundant in the 304 
suboxic and anoxic layers of Piburger See. This is also supported by the low fractions of cells 
hybridized with probe MET1217 that could incorporate amino acids (Fig. 5). 306 
 
Conclusions: 308 
The activity of R-BT bacteria and the numerical importance of beta IV bacteria in anoxic 
waters as well as the vertical niche separation of PnecB and PnecC in Piburger See would have 310 
been missed by sampling of the upper layers of the lake only. Thus, a vertical profiling of the 
anoxic zones of freshwaters might substantially expand our knowledge of which bacteria are 312 
typical components of lake bacterioplankton and it may also change our view on the physiology of 
common lake bacteria. 314 
 
Experimental procedures 316 
Study site and sampling 
Piburger See is an oligo-mesotrophic dimictic lake situated in the Tyrolean Alps, Austria, at 318 
913 m a.s.l. Further information on the lake can be found elsewhere (Tolotti & Thies, 2002). Water 
samples were taken monthly over a period of one year (from February 2005 to February 2006) at 320 
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the deepest part of the lake (24.6 m) from 3, 9, 18 and 24 m depths with a 5 l Schindler-Patalas 
sampler. Water temperature was directly determined during sampling. No samples could be 322 
collected in December 2005 due to the unstable ice coverage of the lake.  
Portions of 40 ml from each sample were fixed either with formaldehyde (2% final 324 
concentration) for bacterial abundance determination, or with freshly prepared buffered 
paraformaldehyde (pH 7.4, 2% final concentration) for analysis by CARD-FISH. All fixed samples 326 
were stored at 4°C until further processing. In addition, unfixed water samples were collected for 
MAR-FISH analyses (40 ml), for the construction of 16S rRNA gene clone libraries (1 l), and for 328 
chemical analyses (2 l). These samples were delivered to the lab at in situ temperature within 2 
hours. The following chemical parameters were evaluated: Oxygen concentrations (mg l-1), 330 
concentrations of chlorophyll a (Chla, µg l-1), nitrate (NO3-, µg l-1), dissolved phosphorus (DP, µg l-
1), and dissolved organic carbon (DOC, mg l-1). Samples for phytoplankton analysis (100 ml) were 332 
fixed with Lugol’s solution and counted with an inverted microscope with phase contrast.  
 334 
Bacterial abundances 
Two to 2.5 ml of formaldehyde-fixed samples were stained with DAPI (4’,6-diamidino-2-336 
phenylindole, 6.7 µg ml-1 final concentration, Porter & Feig, 1980), filtered onto black 
polycarbonate filters (Osmonics, 0.22 µm pore size, 25 mm diameter), and evaluated with an 338 
epifluorescence microscope (Zeiss Axioplan, Carl Zeiss, Germany). At least 1000 bacteria (Zeiss 
filter set 01) were counted per sample at a total magnification of 1600 ×. 340 
 
16S rRNA gene clone libraries and phylogenetic sequence analysis 342 
Unfixed water samples were prefiltered through 3 µm to remove larger organisms. 
Subsequently, 300 – 600 ml were filtered onto white polycarbonate filters (Millipore, Type GTTP, 344 
0.2 µm pore size, 47 mm diameter). Filters were air dried and stored at -80°C until further 
processing. Four preparations from different periods (April and May 2005) and depths (3, 9 and 24 346 
m) were processed to produce 4 clone libraries. Small pieces of the filters were used as template 
for PCR as previously described (Kirchman et al., 2001) using the primers GM3F and GM4R 348 
(Muyzer et al., 1995). PCR products were purified with the QIAquick PCR purification kit 
(QIAGEN), inserted into TOPO vectors (TOPO TA cloning kit for sequencing; Invitrogen) and 350 
cloned into competent cells of E. coli according to the manufacturer’s instructions. After screening 
of the clones for right-sized inserts, plasmid preparations were done with the QIAprep Spin 352 
Miniprep Kit (QUIAGEN) or with the MontageTM Plasmid Miniprep96 Kit (Millipore). The 
sequencing reactions were accomplished with the M13F vector primer and the ABI BigDye 354 
chemistry on an ABI 3130x Genetic Analyzer (Applied Biosystems). Partial sequences were first 
analyzed with the BLAST queuing system (www.ncbi.nlm.nih.gov/BLAST/) for their phylogenetic 356 
affiliations. Nearly full-length sequences of all unique sequence types affiliated with 
Betaproteobacteria were obtained by additional sequencing with vector primer M13R (Messing, 358 
1983) and primer GM1 F (Muyzer et al., 1993). 
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Partial sequences were assembled with the Sequencher software (Gene Codes) and 360 
checked for chimeric origin using the software Pintail (Ashelford et al., 2005). Phylogenetic 
analyses were performed with the ARB software package (Ludwig et al., 2004). The ARB 362 
database was complemented with betaproteobacterial sequences deposited in GenBank that 
were closely related to our sequences. All sequences were first automatically aligned using the 364 
ARB tool FAST_ALIGNER and alignments were subsequently manually optimized. For the 
reconstruction of phylogenetic trees, only nearly full-length (i.e. longer than 1400 nucleotides) 366 
sequences were considered. A 50% base frequency filter and a filter designed with 
betaproteobacterial sequences were used to exclude highly variable positions. Maximum-368 
parsimony, neighbor-joining and maximum likelihood analyses were performed with the respective 
ARB tools. The resulting trees were compared manually to obtain a consensus tree. Partial 370 
sequences were added to this consensus tree in accordance with maximum-parsimony criteria, 
without allowing changes in the tree topology. 372 
 
Abundances of different Betaproteobacteria 374 
Ten to 15 ml of paraformaldehyde-fixed samples were filtered onto white polycarbonate 
filters (Millipore, Type GTTP, 0.2 µm pore size, 47 mm diameter), rinsed with distilled water, air 376 
dried, and stored at -20°C until further processing. CARD-FISH was carried out as previously 
described (Sekar et al., 2003) with horseradish peroxidase labeled oligonucleotide probes specific 378 
for Betaproteobacteria (BET42a, Amann et al., 1995) and three subclades within this group: R-
BT065 (closely related to Rhodoferax sp. BAL47, belonging to the beta I cluster, Šimek et al., 380 
2001), Bet2-870 (Polynucleobacter necessarius- or beta II cluster, Burkert et al., 2003), and 
MET1217 (order Methylophilales, Friedrich et al., 2003) which includes freshwater bacteria from 382 
the beta IV cluster (Glöckner et al., 2000). In addition, the probes PnecB-23S-116 and PnecC-445 
(Wu & Hahn, 2006a) were used for the discrimination of two subclusters within the beta II clade. 384 
Signal amplification was performed using tyramides labeled with Alexa488 (Invitrogen). Filter 
sections were counter-stained with DAPI (1 µg mL-1) and inspected with an epifluorescence 386 
microscope (Axiophot, Carl Zeiss) at a magnification of 1250 × and the filter sets 01 (DAPI) and 
10 (Alexa 488). For manual evaluation of the fractions of hybridized cells, at least 500 to 1000 388 
DAPI-stained cells were counted.  
The majority of FISH and MAR-FISH preparations were evaluated by automated cell 390 
counting using a set of manual counts for system calibration (Pernthaler et al., 2003). Evaluations 
were performed with a fully automated system consisting of an epifluorescence microscope 392 
(AxioImager.Z1, Carl Zeiss) with a motorized stage for eight microscopic slides (Zeiss WSB 
Piezodrive 05) and a CCD Camera (AxioCam MRm, Carl Zeiss), linked to a personal computer 394 
with the image analysis software AxioVision 4.6 (Carl Zeiss). A 63 × “PlanApo” objective was used 
for image acquisition. Automation was achieved using the Visual Basic for Application module of 396 
AxioVision (M. Zeder, unpublished). Briefly, the microscope was loaded with up to eight slides, 
overview images were automatically acquired using a 1 × EC “Plan-Neofluar” objective and filter 398 
pieces were detected. A x,y-position list was generated containing a user-defined number of 
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locations equally distributed on each filter piece. Two images (DAPI and Alexa 488 fluorescence) 400 
were acquired at each microscopic field. After image acquisition and an automated quality control 
routine to discard images of low quality, a counting routine automatically processed all images 402 
and detected the fractions of hybridized bacteria within all DAPI-stained cells. 
In order to better assess counting precision five duplicate hybridizations were evaluated for 404 
each probe. Only insignificant differences between duplicate determinations were observed 
(paired t-test, p>0.2).  406 
 
Microautoradiography combined with CARD-FISH (MAR-FISH) 408 
Five mL of samples were incubated with [3H]-amino acids (5 nM final concentration, 48 Ci 
mmol-1 specific activity, Amersham) for 1 hour at in situ temperatures. After fixation with buffered 410 
paraformaldehyde (pH 7.4, 2% final concentration) duplicate subsamples of 2 ml were filtered 
onto white polycarbonate filters (Millipore, type GTTP, 0.2 µm pore size, 25 mm diameter), rinsed 412 
twice with sterile water and stored at -20°C until further processing. CARD-FISH of filter sections 
was carried out as described above. MAR-FISH was performed as previously described (Alonso & 414 
Pernthaler, 2005). Briefly, filter sections were glued onto glass slides with 2% agarose (Seakem), 
dipped into autoradiography emulsion (NTB emulsion, Kodak) in the darkroom, placed on ice for 416 
10 min, and exposed in the dark at 4°C for 2-4 days. Thereafter, slides were developed with 
Dektol developer (Kodak) and Kodak fixer (Kodak) following the manufacturer’s instructions. After 418 
drying, filters were embedded in a mounting medium containing DAPI (1 µg ml-1). The evaluation 
of MAR-FISH filters was carried out by fully-automated image analysis as described above, but an 420 
additional stack of 9 bright field images in 0.5 µm steps above the z-position of the DAPI image 
was acquired to detect the silver grains (M. Zeder, unpublished). No samples for MAR-FISH were 422 
collected in January 2006, and no MAR-FISH samples were evaluated in which the fractions of 
probe positive cells were below 1.5% of total (DAPI) counts. 424 
 
Statistical analyses 426 
Prior to statistical analyses, all data of relative abundances (percentages) were arcsine 
transformed to obtain normal distribution, whereas cell numbers and chemical variables were 428 
log(x+1)-transformed. We used ANOVA to test for significant differences between the different 
depth layers and for differences in the amino acid uptake between betaproteobacterial clades. 430 
Furthermore, paired t-tests were carried out. The program R (www.r-project.org) was used for 
these statistical analyses. 432 
The coverage of the diversity of Betaproteobacteria in our clone libraries (Good’s C index, 
Good, 1953) and the estimated total diversity (SChao1 estimator, Chao, 1984) were calculated using 434 
98% of sequence similarity as cutoff for the classification of different sequence types. Analyses 
were performed with the online input form created by Kemp & Aller (2004). 436 
Redundancy analysis (RDA) was used to determine the effects of environmental variables 
on betaproteobacterial abundances and the fraction of cells with visible amino acid incorporation 438 
(Stewart & Love, 1968). Only those environmental variables exhibiting a significant correlation 
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(p<0.001) to betaproteobacterial abundances or amino acid uptake were included in the analysis. 440 
Activity patterns of beta IV bacteria were excluded from analysis because of the high number of 
missing data points. The significance of added variables was tested by a Monte Carlo permutation 442 
test (499 permutations, p<0.001). Analyses were performed with the Microsoft EXCEL add-in 
program XLSTAT-ADA (www.xlstat.com). 444 
 
Nucleotide sequence accession numbers 446 
All 16S rRNA gene sequences have been deposited to EMBL under the accession numbers 
AM849424 to AM849467. 448 
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Table 1: Vertical differences in the relative contributions of the studied populations to all 
Betaproteobacteria (i.e., cells hybridized with probe Bet42a) and to Betaproteobacteria with visible 
amino acid incorporation (MAR+ cells). Data were arc sine transformed prior to analysis (one-way 
ANOVA). F-values are given for significant differences (* p<0.01, ** p<0.005, *** p<0.001). ND: no 
MAR data were determined for bacteria hybridized with probe MET1217 in one of the layers; ns: 
not significant. 
 
 R-BT065 Bet2-870 MET1217 
Total Betaproteobacteria    
3 m vs 9 m ns ns ns 
3 m vs 18 m 14.66*** ns 18.93*** 
3 m vs 24 m 23.28*** 5.07* 112.09*** 
9 m vs 18 m 18.19*** ns 15.36*** 
9 m vs 24 m 28.53*** ns 116.99*** 
18 m vs 24 m ns ns 13.28** 
    
MAR+ Betaproteobacteria   
3 m vs 9 m ns ns ns 
3 m vs 18 m 5.58* ns ND 
3 m vs 24 m 13.47** 4.61* ND 
9 m vs 18 m 5.16* ns ND 
9 m vs 24 m 9.67** 8.24** ND 
18 m vs 24 m ns ns ns 
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Table 2: Means and annual ranges (in brackets) of relative abundances (in % of DAPI) and of 
cells with visible amino acid incorporation (MAR+ cells) (in % of MAR+ DAPI) of the studied 
betaproteobacterial clades. ND: no MAR data were produced. 
 
Depth R-BT065 Bet2-870 MET1217 PnecB PnecC 
Relative abundance (% of DAPI)    
3 m 3.5 (2.3-7.6) 2.1 (0.6-3.6) 0.6 (0-1.2) 0.8 (0.3-1.5) 0.8 (0.4-1.4) 
9 m 3.0 (1.4-6.2) 2.0 (1.4-2.9) 0.6 (0.1-1.3) 0.6 (0.2-1.3) 0.6 (0.2-1.2) 
18 m 2.4 (1.4-3.5) 3.4 (1.2-6.6) 2.7 (0.4-6) 0.6 (0.3-0.9 2.9 (0.8-7.3) 
24 m 3.4 (1.5-5.2) 5.7 (2.7-9.1) 8.7 (4.4-12.2) 0.5 (0.2-0.9) 5.6 (3.4-7.1) 
      
Relative abundance of MAR+ (% of MAR+ DAPI)   
3 m 19.6 (7.9-
32 8)
5.2 (2.9-12.9) ND ND ND 
9 m 14.3 (6.3-
22 6)
3.4 (1.1-6.1) ND ND ND 
18 m 9.6 (7.7-12.6) 8.9 (1.2-22.2) 2.9 (0.7-5.2) ND ND 
24 m 18.7 (8.3-
31 2)
17.7 (5.5-28.2) 7.4 (3.7-10.7) ND ND 
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Figure legends: 
Figure 1: Seasonal and vertical fluctuations of different environmental parameters in Piburger See 
during the study period (February 2005-February 2006). 
Figure 2: Phylogenetic affiliation of betaproteobacterial sequence types from four 16S rRNA gene 
clone libraries obtained at different time points and depths (in bold). Partial sequences are 
shown with dotted lines, and identical sequences (similarity 99.9% or higher) are presented in 
one line. The scale bar represents 10% estimated sequence divergence. 
Fig. 3: Seasonal and vertical patterns of abundance (105 cells ml-1) and amino acid uptake activity 
(AA uptake, in percent of all probe positive cells) bacteria from the beta I clade (as detected 
by probe R-BT065). 
Fig. 4: Seasonal and vertical patterns of abundance (105 cells ml-1) and amino acid uptake activity 
(AA uptake, in percent of all probe positive cells) bacteria from the beta II clade (as detected 
by probe Bet2-870, left panels) and abundances of bacteria from the PnecB and PnecC 
subclades of beta II (105 cells ml-1, right panels). 
Fig. 5: Seasonal and vertical patterns of abundance (105 cells ml-1) and amino acid uptake activity 
(AA uptake, in percent of all probe positive cells) bacteria from the beta IV clade (as detected 
by probe MET1217). No MAR data were produced for fractions of probe positive cells below 
1.5% of total (DAPI) counts.  
Fig. 6: Redundancy analysis (RDA) biplot showing the different betaproteobacterial clades in cell 
numbers (□) and visible amino acid incorporation (▲) in relation to the strongest 
environmental variables. The eigenvalues of the two axes are given in brackets. 
Abbreviations: oxygen: oxygen concentrations; DP: dissolved phosphorus concentration; 
temp: temperature; DOC: dissolved organic carbon; Chla: chlorophyll a concentrations; NO3: 
nitrate concentration. 
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ABSTRACT 
Three major bacterial lineages (Betaproteobacteria, Actinobacteria, and Cytophaga-Flavobacteria) are 2 
regarded as seemingly dominant in freshwater lakes. However, this view is mainly based on the 
determination of abundances via fluorescence in situ hybridization techniques (FISH) or on bacterial 4 
diversity estimated from clone libraries and fingerprinting techniques. The presented study elucidates, 
that the numerical importance of a bacterial lineage must not per se mirror its contribution to total 6 
bacterial biomass or activity in the oligo-mesotrophic lake Piburger See (Tyrol, Austria). Additionally, 
patterns of lineage dominance varied within the lake due to spatial and seasonal dynamics during a one 8 
year survey. Although Actinobacteria (ACT) numerically dominated the oxic epilimnion, less abundant 
lineages as Betaproteobacteria (BET) and Cytophaga-Flavobacteria (CF) contributed more to total 10 
bacterial biomass. In the sub- to anoxic hypolimnion, rare CF represented most bacterial biomass, 
followed by highly abundant BET. The contribution of ACT to total biomass was negligible in these 12 
water strata, although they still formed the numerical dominant fraction. The dominance of CF could 
have been even stronger, as results from clone libraries indicated an insufficient detection of 14 
Bacteroidetes by FISH with the oligonucleotide probe CF319a. Cells incorporating radiolabeled amino 
acids could be mainly attributed to ACT and BET. CF showed practically no affinity to the offered 16 
substrate, thus CF probably preferred high-molecular weight compounds also in our studied system. 
There is need to analyze not only the abundance of freshwater clades, but also their biomass and their 18 
affinity to various substrates to get a comprehensive picture of their ecological importance. 
 20 
INTRODUCTION 
Phylogenetic analyses of freshwater bacterioplankton (e.g. by fingerprinting methods or the 22 
establishment of clone libraries) usually result in sequences affiliated with a broad spectrum of 
bacterial phyla (Glöckner et al. 2000, Zwart et al. 2002) but gives only limited information about their 24 
numerical importance in the habitat. Through the application of fluorescence in situ hybridization 
(FISH) techniques, evidence is increasing that probably three bacterial lineages are prominent in 26 
freshwater systems (Amann et al. 1995, Alfreider et al. 1996, Bouvier & del Giorgio 2003). 
Betaproteobacteria (BET) were first identified as the dominant members of lakes and rivers (Glöckner 28 
et al. 1999). A further improvement of FISH via catalyzed reporter deposition (CARD-FISH) revealed 
the numerical importance of gram positive Actinobacteria (ACT), originally described for high 30 
mountain lakes, where ACT even exceeded numbers of BET (Glöckner et al. 2000, Sekar et al. 2003, 
Warnecke et al. 2005). As a third, Cytophaga-Flavobacteria (CF) of the phylum Bacteroidetes were 32 
found to be abundant in aggregates and deeper and/or anoxic water strata (Glöckner et al. 1999, 
Casamayor et al. 2000, Wu et al. 2006). The occurrence of other Bacteria (Alphaproteobacteria, 34 
Gammaproteobacteria, Planctomycetes, Verrucomicrobia, Firmicutes) and Archaea has been proven 
for several lakes, however they seem to play a numerically minor role in most freshwater ecosystems. 36 
Although the three apparently major lineages in lakes have been identified, it is not well 
understood which phyla can be dominant within a freshwater system, and what accounts for its 38 
prominent role. Until now, studies applying FISH were mainly focused on cell numbers within clades, 
mostly expressed as percentages of DAPI-positive particles, and theses values were regarded as 40 
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indicators for the dominance of bacterial lineages (Bouvier & del Giorgio 2003, Wu et al. 2006). 
However, cell numbers can not be the exclusive unit to characterize the importance of microorganisms 42 
in a lake. Bacterial abundances are needed to e.g. judge encounter rates and interactions with grazers 
(Jürgens & Matz 2002), but numbers are also an essential basis for the determination of bacterial 44 
biomass, which is the prerequisite for any modeling of fluxes within a microbial food web. Thus, when 
speaking about dominant bacterial lineages we should also pay attention to bacterial dimensions 46 
(morphotypes) to estimate their element content (Posch et al. 2007). Moreover, as bacteria can 
incorporate up to 50% of carbon originally bound by primary producers (Azam et al. 1983), they play a 48 
key role in the mineralization of dissolved organic material. Bacterial resource uptake was often 
studied via bulk activity measurements, such as the incorporation of radiolabeled substrates (Kirchman 50 
et al. 1985). The combination of micro-autoradiography methods with hybridization techniques (MAR-
FISH, Lee et al. 1999) now allows for a closer look at resource uptake preferences and kinetics of 52 
bacterial lineages - a third aspect of dominance within freshwater bacteria. 
We studied the bacterioplankton assemblage in an oligo-mesotrophic lake (Piburger See, 54 
Austria) for one year in terms of standing stocks of abundance, biomass, and cells with active amino 
acid incorporation. We hypothesized that (1) numerically dominant bacteria do not per se resemble the 56 
dominant biomass fraction or the majority of bacteria incorporating amino acids; (2) even less abundant 
bacteria can substantially contribute to total bacterial biomass or total activity. As our analyses of 58 
bacterial phyla were mainly based on CARD-FISH preparations, additionally, we created PCR-based 
clone libraries to prove the taxonomic resolution of our applied oligonucleotide probes. 60 
 
MATERIALS AND METHODS  62 
Study site and sampling 
Piburger See is an oligo-mesotrophic, dimictic and holomictic lake in the Tyrolean Alps, 64 
Austria, at 913 m a.s.l. The maximum depth is 24.6 m, and nearly the entire hypolimnion gets anoxic 
during summer stratification. The lake’s past was shaped by its eutrophication and re-oligotrophication 66 
(for further limnological details Tolotti & Thies 2002 and references therein). Water samples were 
taken monthly during one year (February 2005 to 2006) from 3, 9, 18, and 24 m depth. Forty ml 68 
samples were fixed with formaldehyde (2% final concentration) or freshly prepared buffered 
paraformaldehyde (pH 7.4, 2% final concentration) for determining bacterial abundance and CARD-70 
FISH, respectively. Unfixed water samples (1 l) for MAR-FISH analyses and for the construction of 
16S rRNA gene clone libraries were delivered to the lab at in situ temperatures within 2 hours. All 72 
samples were stored at 4°C until further processing. 
Abundance of total bacteria and cyanobacteria 74 
Two to 2.5 ml of formaldehyde-fixed samples were stained with DAPI (4’,6-diamidino-2-
phenylindole, 7 µg ml-1 final concentration, Porter & Feig 1980), filtered onto black polycarbonate 76 
filters (Osmonics, 0.22 µm pore size, 25 mm diameter), and evaluated with an epifluorescence 
microscope (Zeiss Axioplan, Carl Zeiss, Germany). At least 1000 bacteria (UV excitation, Zeiss filter 78 
set 01) and 400 cyanobacteria (green excitation, Zeiss filter set 15) were counted per sample at a 
magnification of 1600x. 80 
manuscript VI 
 154
Abundance of bacterial clades 
Ten to 15 ml of paraformaldehyde-fixed samples were filtered onto white polycarbonate filters 82 
(Millipore, Type GTTP, 0.2 µm pore size, 47 mm diameter), and stored at -20°C until further 
processing. CARD-FISH was carried out as previously described (Sekar et al. 2003) with the following 84 
oligonucleotide probes: EUBI-III for all Bacteria (Daims et al. 1999), BET42a for Betaproteobacteria 
(BET), HGC69a for Actinobacteria (ACT), CF319a for Cytophaga-Flavobacteria (CF), ALF968 for 86 
Alphaproteobacteria, and GAM42a for Gammaproteobacteria (Amann et al. 1995). Filter sections 
were counterstained with DAPI (1 µg ml-1) and inspected with a Zeiss Axiophot microscope at a 88 
magnification of 1250x. At least 500 to 1000 DAPI-stained cells were counted, depending on the 
frequency of hybridized cells. Alternatively, a fully automated microscope (Zeiss AxioImager.Z1) was 90 
used for the evaluation of probe-positive bacteria (M. Zeder, unpublished, following the approach of 
Pernthaler et al. 2003). 92 
Biomass of bacterial clades 
For bacterial cell size determination we took two images from the same field of view, one at 94 
UV-excitation for the detection of all DAPI-positive cells (Channel 1) and a second at blue excitation 
for the detection of hybridized bacteria within the same microscopic field (Channel 2). Fifteen of these 96 
image pairs were recorded with a CCD camera from each filter section and processed with the image 
analysis program LUCIA D (Laboratory Imaging, Prague). First, we measured all morphotypes of 98 
channel 1 (DAPI-positive cells). Images of both channels 1 & 2 were combined by an object-based 
‘AND’ function, thus selecting those DAPI-positive cells in channel 1, which had a counterpart also in 100 
channel 2 (hybridized bacteria). Thereafter, cell sizes and morphometric parameters were measured 
from channel 1 again (Posch et al. submitted). Cell size of bacteria was converted to biomass via the 102 
volume to carbon conversion factor of Loferer-Krössbacher et al. (1998).  
Bacterial activity (MAR-FISH) 104 
Unfixed water samples (5 ml) were incubated with [3H]-amino acids (5 nM final 
concentration, 48 Ci mmol-1 specific activity, Amersham) for 1 hour at in situ temperatures and fixed 106 
with paraformaldehyde (pH 7.4, 2% final concentration). After filtration (duplicates of 2 ml) onto white 
polycarbonate filters (Millipore, type GTTP, 0.2 µm pore size, 25 mm diameter) and CARD-FISH (see 108 
above), microautoradiography was carried out as following (Alonso & Pernthaler 2005): Filter sections 
were glued onto glass slides (2% Agarose, Seakem) and dipped into melted autoradiography emulsion 110 
(NTB emulsion, Kodak) in the darkroom, placed on ice for 10 min, and exposed in the dark at 4°C for 
2-4 days. Thereafter, slides were developed with Dektol developer (Kodak) and Kodak fixer (Kodak) 112 
following the manufacturer’s instructions. After drying, filters were embedded in a mounting medium 
containing DAPI (1 µg ml-1). The evaluation of MAR-FISH filters was carried out with a fully 114 
automated microscope (Zeiss AxioImager.Z1) and an image analysis system (AxioVision 4.6, Carl 
Zeiss; M. Zeder, unpublished, following the strategy outlined in Alonso & Pernthaler 2005). No 116 
samples for MAR-FISH were collected in January 2006. 
Environmental 16S rRNA clone libraries 118 
Filter PCR of unfixed water samples form different depth and dates was done as previously 
described (Kirchman et al. 2001) with the primers GM3F and GM4R (Muyzer et al. 1995). After 120 
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purification of PCR products with the QIAquick PCR purification kit (QIAGEN), products were 
inserted into TOPO vectors (TOPO TA cloning kit for sequencing; Invitrogen) and cloned into 122 
competent E. coli cells according to the manufacturer’s instructions. After screening of clones grown 
overnight on Luria-Bertani (LB) agar plates, plasmid preparations were done with the MontageTM 124 
Plasmid Miniprep96 Kit (Millipore) following the manufacturer’s instructions. The sequencing reaction 
was accomplished with the ABI BigDye chemistry with the M13F vector primer and sequencing was 126 
done with an ABI 3130x Genetic Analyzer (Applied Biosystems). The obtained partial sequences were 
analyzed with the BLAST queuing system (www.ncbi.nlm.nih.gov/BLAST) for their phylogenetic 128 
affiliation. Moreover, nearly full-length sequences of BET were produced as described in Salcher et al. 
(submitted). All sequences affiliated with Bacteroidetes were subsequently checked for mismatches 130 
with probe CF319a (Manz et al. 1996) with the ARB software package (Ludwig et al 2004) using the 
PROBE_MATCH tool. As not all partial sequences had the base position 319, the closest full-length 132 
relatives were used instead.  
Nucleotide sequence accession numbers 134 
All 16S rRNA gene sequences have been deposited in EMBL under the accession numbers 
AM849424 to AM84946 and AM887995 to AM888176. 136 
Statistical analyses 
One way ANOVAs with pairwise post hoc comparisons (Scheffé method) were carried out to 138 
test for significant differences in cell numbers, biomass, and numbers of cells with active amino acid 
incorporation between oxic and sub- to anoxic samples, the studied phyla, calculated abundance-140 
biomass-activity ratios, and differences between clone libraries and microscopy data. All raw data were 
arcsine (percentage data) or log(x+1) (cell numbers and biomasses) transformed prior to analysis.  142 
 
RESULTS 144 
Abundance, biomass and amino acid uptake of three bacterial phyla in relation to DAPI 
stainable particles  146 
Bulk abundance, biomass, and numbers of cells with amino acid uptake were clearly 
correlated to the depth dependent oxygen gradient (Fig. 1). In the mostly anoxic hypolimnion we 148 
detected significantly more cells (factor 1.8), higher biomass (factor 2.4), and a higher number of active 
cells (factor 1.7) than in the epilimnion (one way ANOVA, p < 0.001 for all analyses). On average, 150 
17.1 ± 6.7% of all DAPI stainable particles showed visible amino acid incorporation. 
On average, only 52 ± 1.1% of all DAPI-stained particles were identified as Bacteria with the 152 
universal probe EUB I-III, and this proportion slightly rose with depth (Figs. 1, 2). In contrast, 
hybridized Bacteria constituted over 80% of DAPI stainable biomass, with higher values in the deeper 154 
strata than in the epilimnion. More than 80% of DAPI-stained cells with visible amino acid 
incorporation were also identified as Bacteria in the oxic water layers, whereas in the hypolimnion 156 
numbers of active Bacteria were equal to active DAPI-stainable particles (one way ANOVA, not 
significant). 158 
Abundances of ACT, BET, and CF gave in sum more than 80% of all Bacteria. In the 
epilimnion the assemblage was dominated by ACT, followed by BET and low numbers of CF (Fig. 2). 160 
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In the oxygen-depleted water layers ACT and BET were equally abundant, again followed by CF. 
Hybridizations with probes specific for Alphaproteobacteria (ALF968) and Gammaproteobacteria 162 
(GAM42a) resulted in marginal numbers (on average 2.4% and 1.4% of EUB, respectively). Therefore 
it remains still unclear which other bacterial phyla contributed to Bacteria in Piburger See. 164 
Approximately equal biomasses of the three studied phyla were found in the epilimnion of the 
lake (4.1, 5.3, and 5.1 µg C l-1, for ACT, BET, and CF respectively). In the sub- to anoxic hypolimnion 166 
BET and CF had significantly higher biomasses (22.6 and 30.7 µg C l-1, respectively) than ACT (6.4 µg 
C l-1). In contrast to the numerical dominance, ACT accounted for the smallest part of bacterial biomass 168 
(Fig. 2), mainly due to their consistently small (<0.65 µm) morphologies (minute rods and vibrio-
shaped cells). Eleven % of CF cells were filaments with extraordinary high biovolumes and the 170 
remaining CF were large (>0.65 µm) rods and cocci (data not shown). Thus, bacteria of this phylum 
dominated bacterial biomass in the anoxic zone and equaled ACT and BET-biomass values in the 172 
epilimnion. Within BET we found the highest morphological diversity, ranging from small (<0.5 µm) 
cocci to enlarged rods (data not shown). Similar to the numerical composition, a distinct fraction of 174 
Bacteria-biomass could not be attributed to any of the studied phyla, especially in the oxic zone of the 
lake (33.9%). 176 
Bacteria showing amino acids uptake were dominated by ACT and BET, while almost no CF 
incorporated the offered substrate (Fig. 2). Whereas ACT constituted most of the active cells in the oxic 178 
zone, BET were highly active in the hypolimnion. 
Abundance-, biomass-, and activity-ratios of ACT, BET, and CF 180 
Although pronounced differences between the occurrence of bacteria for the studied phyla in 
the oxic and sub- to anoxic water column were detected (Fig. 2), we pooled all data for the presentation 182 
of parameter ratios (Table 1). EUB contributed significantly more to total biomass and to cells 
incorporating amino acids than to abundances of all DAPI stainable bacteria (Fig. 3, Table 1). This 184 
relationship was not found for the ratio of activity versus biomass. The biomass to abundance ratio of 
BET was not significant, but these bacteria were significantly more active than expected from their 186 
abundance. ACT had a low biomass compared to their numbers, but this phylum showed the highest 
activity to biomass ratio. CF had the highest biomass to abundance ratio but showed significantly lower 188 
activity than predicted from their abundance and biomass. Moreover, all ratios of BET were 
indistinguishable from those of EUB, whereas ratios of ACT and CF significantly differed from all 190 
other phyla.    
Clone library versus CARD-FISH analysis (Fig. 3, Table S1, supplementary material) 192 
The establishment of four clone libraries originating from different sampling depths in spring 
resulted in many sequences related to the three investigated bacterial phyla BET, ACT, and CF (75-194 
82% for epilimnetic samples, 48% for the hypolimnetic sample). The clone library for the 24 m sample 
resulted in another 48% (29 clones) affiliated with the gamma I group of freshwater 196 
Gammaproteobacteria, although CARD-FISH with the probe GAM42a showed only a value of 0.3% 
of probe-positive bacteria for the same sample. Microscopic counting of autofluorescent Cyanobacteria 198 
also pointed to an overestimation by the PCR-based clone libraries (Fig. 3). The quantification of 
Alphaproteobacteria (probe ALF968) by CARD-FISH revealed equal results for both methods. 200 
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Sequences not covered by our applied probes were found within Chloroflexi (5 clones), 
Deltaproteobacteria (3 clones), Firmicutes (2 clones), and Planctomycetes (1 clone) (Table S1, 202 
supplementary material). 
BET were underrepresented in clone libraries (Fig. 3), as well as ACT, which were detected in 204 
more than double proportions by CARD-FISH (one-way ANOVA: F = 12.48, p = 0.012, n = 4). The 
opposite was true for CF, which were significantly overestimated by PCR or underestimated by FISH 206 
(F = 26.35, p = 0.002, n = 4). A close look at CF-related sequences made clear that a large fraction of 
them showed one or several mismatches with the general probe CF319a (Manz et al. 1996). Only 208 
slightly significant differences were found between clones detectable with probe CF319a and 
microscopic counts with this probe (F = 7.25, p = 0.036, n = 4; Fig. 3). 210 
 
DISCUSSION 212 
Which bacterial phyla can dominate a freshwater lake? This study showed that applying a 
single methodological approach would have been insufficient to get a satisfying answer.  214 
Abundance as indicator for dominant bacterial clades? 
In general, numbers of Bacteria hybridizable with probe EUB I-III seem to be significantly 216 
lower than numbers of DAPI-stainable particles in the same freshwater samples (Bouvier & del Giorgio 
2003, Wu et al. 2006). There are first indications that non-hybridizable but DAPI-positive particles 218 
represent the smallest morphologies within a sample (Posch et al. submitted). It is still unknown if 
these minute DAPI-stained particles are dead bacteria or bacteria at all (e.g., viruses or debris; Bettarel 220 
et al. 2000). In our study, no significant difference between all active (i.e. amino acids incorporating) 
DAPI-stained and EUB I-III positive cells were found in the sub- to anoxic hypolimnion, which proved 222 
that non-hybridizable but DAPI-positive particles were in fact not “important” members of the 
bacterioplankton in this environment. However, in the oxic layer of the lake 20% of DAPI stainable 224 
particles with active amino acid incorporation could not be attributed to EUB. It remains unknown if 
this discrepancy hints to a highly active lineage within Bacteria undetected by probe EUB I-III or to 226 
methodological problems concerning MAR-FISH.  
Cumulative abundances of bacterial subgroups seldom reach the number of Bacteria detected 228 
with probe EUB I-III. Also in Piburger See, on average 17 % of Bacteria could not be attributed to any 
of the studied lineages by applying FISH. Results of our clone libraries implied a numerical 230 
underestimation of Bacteroidetes by hybridization with probe CF319a. This general probe covers only 
38% of all published nearly full length sequences affiliated with the phylum Bacteroidetes (RDPII 232 
probe match, http://rdp.cme.msu.edu). Nevertheless for Piburger See, the application of probe CFB560 
(O’Sullivan et al. 2002) that has theoretically a better coverage resulted in no detection at all (data not 234 
shown). 
Were clone libraries also better indicators for the dominance of bacteria from different phyla 236 
in Piburger See than numbers gained by CARD-FISH? Although common patterns were detected for 
some phyla (BET, ALF), altogether the two methodological approaches did not reach a consensus. 238 
Discrepancies between PCR-based clone libraries and CARD-FISH could possibly be explained by the 
per cell number of genes coding for 16S rRNA (Farrelly et al. 1995). The amount of rrn operons per 240 
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cell can vary between 1 and 14, even for closely related species (Farrelly et al. 1995). Thus, some 
sequence types, probably overestimated by PCR (i.e. CF, Gammaproteobacteria, Cyanobacteria), 242 
could have contained more copies of rrn operons than e.g. ACT. However, this would be in contrast to 
marine systems where CF were found to be underrepresented in clone libraries (Cottrell & Kirchman 244 
2000b). The small cell sizes of ACT indicate a generally low DNA content, whereas CF and also 
Cyanobacteria (data not shown) were represented by very large cells (Figs. 1, 2). Moreover, biases 246 
could be introduced during filter PCR due to gram-positive cell walls of ACT (Frostegard et al. 1999) 
and their high G+C content could cause lower amplification efficiency (von Wintzingerode et al. 1997).  248 
Biomass is a valuable indicator for dominant bacteria 
In contrast to abundance, the unit biomass allows for a direct comparison of energy and 250 
elements bound by different compartments within a trophic cascade. As recently shown, selective 
grazing by protists can affect the biomass of bacterial clades to a much higher degree than their 252 
abundance (Posch et al. 2007). BET and CF can be regarded as the major prey of bacterivorous 
flagellates in freshwater lakes (Jezbera et al. 2006), and their biomass was strongly reduced in the oxic 254 
zone of Piburger See throughout the year. There, numbers of flagellates were 2.3 times higher than in 
the sub- to anoxic zone (data not shown), a possible indication for grazing pressure in these water 256 
strata. Nevertheless, the biomass contribution of bacteria from these two clades was still equal to the 
biomass of ACT, which clearly dominated the assemblage in terms of cell numbers. Although ACT 258 
were abundant, their total biomass was generally low due to their generally minute cell sizes (e.g. 
Glöckner et al. 2000, Hahn et al. 2003, Posch et al. 2007). However, one third (33.9%) of the biomass 260 
hybridized with probe EUB I-III could not be attributed to any of the studied lineages in the epilimnion. 
This was mainly due to the occurrence of large filaments in spring, which could not be detected by any 262 
of the applied probes but EUB I-III. A second peak of filamentous bacteria in autumn in 24 m depth 
could be attributed to CF. Therefore, CF contributed most to bacterial biomass in anoxic samples, 264 
although present in low numbers. Bacteria of this lineage are known to form large cells and filaments 
(Alfreider et al. 1996, Pernthaler et al. 2004, Schauer & Hahn 2005, Šimek et al. 2007). The ratios of 266 
abundance versus biomass (Table 1, Fig. 2) probably mirror different ecological strategies developed 
by microbes affiliated to even such large phylogenetic units like ACT, BET, and CF. Nevertheless, it is 268 
of interest that bacteria of distinct lineages (e.g. CF) can strongly contribute to total bacterial biomass, 
even when their low abundances would classify them as less important. 270 
Specific activities as indicator for dominant bacterial phyla? 
ACT had the highest activity to biomass ratio, i.e. this lineage represented the most active 272 
biomass, here defined as amino acid incorporation. Therefore, our results suggest that bulk activity 
measurements simply do not provide quantitative data about bacterial protein and biomass production. 274 
A higher activity of ACT than of all Bacteria (EUB positive) in the assimilation of thymidine was 
detected in a drinking water reservoir (Nielsen et al. 2006), whereas similar DNA de novo synthesis 276 
rates for ACT and all Bacteria were reported for several high mountain lakes (Warnecke et al. 2005). 
Thus, these microbes may play a very important role in the remineralization of low molecular weight 278 
compounds of the organic carbon pool. 
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BET clearly dominated the fraction of active cells in the sub- to anoxic water strata. Within 280 
this phylogenetic lineage, especially the R-BT subcluster of beta I represented highly active bacteria 
(Horňák et al. 2006, Pérez & Sommaruga 2007, Salcher et al. submitted). BET affiliating to 282 
Polynucleobacter sp. (beta II) were also found to incorporate amino acids in high amounts, whereas 
beta IV bacteria did not incorporate these substrates (Salcher et al. submitted), as they presumably. All 284 
three phylotypes were present in Piburger See, occupying distinct ecological niches within the lake, 
which could explain the observed variability within total betaproteobacterial activity (Salcher et al. 286 
submitted). The low activity patterns found for CF correspond to the findings of Cottrell & Kirchman 
(2000a), that marine and estuarine CF were underrepresented in the proportion of the assemblage 288 
consuming amino acids. Low leucine uptake rates by freshwater CF were also described by several 
authors (Horňák et al. 2006, Pérez & Sommaruga 2006). Marine CF seem to prefer high-molecular 290 
weight compounds of the dissolved organic matter pool such as proteins or chitin (Cottrell & Kirchman 
2000a) or different compounds of low molecular weight such as ATP (Alonso-Sáez & Gasol 2005). 292 
Therefore, our observation of low amino acids uptake by CF will not generally indicate a low activity 
of this lineage, as the choice of different substrates could have resulted in opposing findings.  294 
Moreover, it should be taken in account that not all of the offered substrate may be used for 
bacterial biomass production, i.e. amino acids could also be respired for energy supply. Around one 296 
third of the gross uptake of 14C amino acids was found to be respired by bacteria in Lake Constance 
with high seasonal variations (Weiss & Simon 1999), whereas higher respiration rates of 3H labeled 298 
amino acids were detected in the oligotrophic Sargasso Sea (60 - 80%, Suttle et al. 1991) and coastal 
marine waters (20 - 60%, Carlucci et al. 1984). 300 
Which bacterial clades can dominate a freshwater lake? 
Our study shows that even very broad phylogenetic lineages may distinctly differ in their 302 
contribution to different ecological units such as numbers, biomasses, and amino acid incorporation. 
However, future research is needed to characterize the kinetics and affinities of bacteria from different 304 
lineages for various radiolabeled substrates in freshwater lakes, thus to characterize the competitive 
abilities of bacteria for available resources. 306 
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Table 1: Biomass:abundance, activity:abundance, and activity:biomass ratios and standard deviations (calculated 
with raw % data) of all Bacteria (EUB), BET, ACT, and CF. Significant differences (one-way ANOVA 
with Scheffe post-hoc calculation) of raw data (in % of EUB, except for EUB in % of DAPI) are indicated 
by asterisks (**p < 0.005, ***p < 0.001). Data were arcsine transformed prior to statistical analysis.  
  Abundance Biomass 
Biomass 1.5 ± 0.2***  
EU
B
 
Activity 1.6 ± 0.6*** 1.1 ± 0.2 
Biomass 1.2 ± 0.4  
B
ET
 
Activity 1.7 ± 0.6*** 1.7 ± 0.8** 
Biomass 0.4 ± 0.1***  
A
C
T 
Activity 1.1 ± 0.4 3.3 ±1.4*** 
Biomass 3 ± 1.1***  
C
F 
Activity 0.3 ± 0.2*** 0.1 ± 0.1*** 
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Figure legends: 
Figure 1: Abundances, numbers of cells with active amino acid incorporation, and biomass of DAPI stainable 
particles and Bacteria. Left panel: Samples from the oxic epi- and metalimnion; right panel: samples from 
the sub- to anoxic hypolimnion (< 1 mg oxygen l-1). Abbreviations: DAPI: abundance of DAPI stainable 
particles; EUB: abundance of Bacteria hybridized with probe EUB I-III; DAPI MAR+: DAPI stainable 
particles with active amino acid incorporation; EUB MAR+: Bacteria with active amino acid incorporation. 
DAPI BIO: Biomass of DAPI stainable particles; EUB BIO: Biomass of Bacteria. Different letters above 
the bars indicate significant differences between the cell numbers (one way ANOVA with Scheffe post hoc 
comparisons, p < 0.001). 
Figure 2: Left part of each graph: Contributions of BET, ACT, and CF to total abundances, biomass, and cells 
with amino acid incorporation (in % of DAPI and % of EUB). Right part of each graph: Abundances (105 
cells ml-1), biomasses (µg C l-1), and abundances of active cells (105 cells ml-1) of BET, ACT, CF, and other 
EUB. Left panels: Samples from the oxic epi- and metalimnion; right panels: samples from the sub- to 
anoxic hypolimnion (< 1 mg oxygen l-1). Abbreviations: ACT = Actinobacteria, BET = Betaproteobacteria, 
CF = Cytophaga-Flavobacteria, EUB = Bacteria. Different letters above the bars indicate significant 
differences between the studied lineages (one way ANOVA with Scheffe post hoc comparisons, p < 0.05). 
Figure 3: Left panels: Abundance, biomass, and activity contributions of Bacteria (EUB) to total DAPI-stained 
particles. Right panels: Abundance, biomass, and activity contributions of BET, ACT, and CF to total 
hybridized Bacteria. For abbreviations see legend of figure 2. Empty symbols: oxic samples; symbols with 
x-hair: sub- to anoxic samples.  
Figure 4: Bacterial assemblage composition in Piburger See gained via sequencing of clone libraries (CL; % of 
clones) in comparison to a microscopic evaluation of FISH preparations (M; % of EUB). For abbreviations 
see legend of figure 2. 
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Supplementary Material: 
Table S1: Phylogenetic affiliation of 16S rRNA gene sequences derived from four clone libraries. 
Betaproteobacteria are excluded (see Salcher et al. (submitted) for a phylogenetic tree of betaproteobacterial 
sequences). Freshwater clusters were classified according to Glöckner et al. (2000). A + or – in the line of 
CF319a indicates the detection (+) of sequences by probe CF319a, or the occurrence of one or several 
mismatches (-). An asterisk indicates no base position 319 in the particular sequence. 
 Clone Sample depth (m)    Closest relative 
Accession 
number 
Similarity 
(%) 
Freshwater 
cluster CF319a
Alpha-Proteobacteria      
 PIB-1 9 clone HTH6 AF418965  99 alpha V  
 PIB-2 24 clone TH1-19 AM690823 99 alpha V  
 PIB-3 – 9 3, 9 clone ST5-4  DQ501352 99–100 alpha V  
 PIB-10 3 clone TW11-2 DQ501359 99 alpha V  
Gamma-Proteobacteria      
 PIB-58 9 clone: SRRB72 AB240527 96 gamma I  
 PIB-59 – 66 9 Methylobacter psychrophilus AF152597  99 gamma I  
 PIB-67 – 78 3, 24 bacterium FukuN13 AJ290055 96–99 gamma I  
 PIB-79 9, 24 clone 1H_73 AY546504 97 gamma I  
 PIB-80 – 85 24 clone Pav-010 DQ642324 99–100 gamma I  
 PIB-86 – 87 24 clone CbS1s.04 EF014669  100 gamma I  
 PIB-88 24 clone: RB136 AB240311 96  
Delta-Proteobacteria      
 PIB-89 9 bacterium FukuN97 AJ290002  98   
 PIB-90 9 bacterium FukuN9 AJ290009  99   
 PIB-91 3 clone Won5(0714) DQ839501 98   
Actinobacteria       
 PIB-92 9 clone:S9F-52 AB154310 100 acI-A  
 PIB-93 – 97 3, 9 bacterium GKS2-103 AJ290024 99–100 acI-A  
 PIB-98 9 clone 253 AJ536838  99 acI-A  
 PIB-99 3 clone S7 AJ575508  99 acI-A  
 PIB-100 3 clone N3 AJ575530 99 acI-A  
 PIB-101 3 clone SL39 AY466489 99 acI-A  
 PIB-102 9 clone LiUU-3-127 AY496980 99 acI-A  
 PIB-103 9 clone LiUU-5-178 AY496985 99 acI-A  
 PIB-104 – 105 3 bacterium P38.5 AY752087 99 acI-A  
 PIB-106 3 clone PRD18G08 AY948060 100 acI-A  
 PIB-107 – 108 3, 9 clone ML-3-12.2 DQ520158 99 acI-A  
 PIB-109 9 clone S8 AJ575509  99 acI-B  
 PIB-110 9 clone LiUU-3-254 AY496981 99 acI-B  
 PIB-111 – 112 3 clone BL11-15 DQ316323 99–100 acI-B  
 PIB-113 – 117 9 clone NM1 AJ575534  98–99 acI-C  
 PIB-118 9 clone NM3 AJ575536  99 acI-C  
 PIB-119 9 clone ST11-18 DQ316362 99 acIV  
 PIB-120 – 122 3, 24 clone N2 AJ575529 99–100 acIV-A  
 PIB-123 9 clone ST11-15 DQ316360 100 acIV-A  
 PIB-124 – 126 3, 24 clone SOC1 8E DQ628963 99–100 acIV-A  
 PIB-127 – 134 9 clone S1 AJ575504  98–99 acIV-B  
 PIB-135 – 143 3,9 clone NM2 AJ575535 99–100 acIV-B  
 PIB-144 3 clone BL11-28 DQ316331 99 acIV-B  
 PIB-145 3 clone: BD4-12 AB015562 100  
 PIB-146 24 clone D2 AJ867923  100  
 PIB-147 9 clone TH3-72 AM690963 99  
 PIB-148 9 clone STH5-14 DQ316384 99  
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 Clone Sample depth (m)    Closest relative 
Accession 
number 
Similarity 
(%) 
Freshwater 
cluster CF319a
Bacteroidetes       
 PIB-149 3 bacterium SY6-50  AF296201  97 cfI – 
 PIB-150 – 151 9 clone S155 AF507731  98 cfI –* 
 PIB-152 9 clone LPU78 AF527600  96 cfI –* 
 PIB-153 9 clone RSC-II-81 AJ252697  93 cfI – 
 PIB-154 24 clone UH4 DQ298000 96 cfI –* 
 PIB-155 9 clone TW11-23  DQ501362 99 cfI – 
 PIB-156 3 bacterium SY3-10 AF107517  99 cfI – 
 PIB-157 3 bacterium SY4-2 AF107525 100 cfI – 
 PIB-158 3 clone TLM09/TLMdgge12a AF534433  99 cfI –* 
 PIB-159 – 166 3, 9, 24 clone FNE11-5 DQ501312 98–99 cfI – (*) 
 PIB-167 – 170 3, 9 clone ADK-WSe02-05  EF520604 98–100 cfI –* 
 PIB-171 – 172 9, 24 clone ES3-44 DQ463263 95–96 cfII + 
 PIB-173 – 174 24 ADK-MOe02-29 EF520552  96–97 cfII + 
 PIB-175 – 179 3, 9 clone TLM12 AF534436  96–99 cfII + (*) 
 PIB-180 9 bacterium CS910 AY124339 99 cfII +* 
 PIB-181 24 clone LiUU-3-199 AY509279 97 cfII + 
 PIB-182 9 clone ES3-12 DQ444136 96 cfII + 
 PIB-183 9 clone ES3-36 DQ463255 96 cfII + 
 PIB-184 – 186 3, 24 clone Chun-w-42 EF632772  97–99 cfII +* 
 PIB-187 – 188 9 clone CR98-5-02 AF428732  99–100 cfIII –* 
 PIB-189 24 clone NE02 AJ575726  100 cfIII –* 
 PIB-190 9 clone TH3-69 AM690960 99 cfIII – 
 PIB-191 3 clone 207ds20 AY212653 99 cfIII – 
 PIB-192 – 194 9 clone PRD18G03 AY948057 99 cfIII –* 
 PIB-195 3 clone ST5-10 DQ501343 99 cfIII – 
 PIB-196 9 clone SOC1 4G DQ628941 99 cfIII –* 
 PIB-197 9 clone JEG.b12 DQ228391 97  + 
 PIB-198 – 199 3, 9 clone ST11-9  DQ501342 96–99  +* 
 PIB-200 9 clone 47 AF513095  99  +* 
 PIB-201 – 202 9 TLM11/TLMdgge04 AF534435  98  +* 
 PIB-203 9 clone LiUU-5-303 AY509378 99  +* 
 PIB-204 – 205 9, 24 clone SE168 DQ327682 96–97  + (*) 
 PIB-206 9 clone ST11-20 DQ501331 96  +* 
 PIB-207 9 clone SILK35 EF467509 98  +* 
Chloroflexi       
 PIB-208 3 clone SL56 AY466492 99   
 PIB-209 – 211 3, 9 clone LiUU-3-250 AY509486 98–99   
 PIB-212 9 clone TW11-28 DQ501364 99   
Planktomycetes       
 PIB-213 9 clone CRD99-30 AF428608 99   
Firmicutes       
 PIB-214 9 clone P4-29 AF523328  100   
 PIB-215 24 clone 965004D07.x1 DQ065372 98   
Cyanobacteria       
 PIB-216 – 220 3, 9 clone LD4 AJ006279 98   
 PIB-221 – 222 3, 9 clone FrE313 AY151736 96–97   
 PIB-223 – 229 9 clone ELB16-090 DQ015808 98–99   
  171
 
 
 
 
 
 
  172
  173
 
 
 
…appendix… 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
protocols 
appendix - protocols 
 
 174
C A R D – F I S H   P R O T O C O L 
fixation & filtration 
− Fix x ml sample with x ml PFA (2% f.c.) ~1 h 
@ RT (or overnight @ 4°C) 
− Filter x ml sample onto white polycarbonate-
filters (0.2 µm pore size + supporting filter, 
0.45 µm pore size), rinse with MQ, let filters 
air dry, store @ -20°C 
embedding in agarose & enzyme 
pretreatment 
− Melt 0.2 % agarose in microwave oven, let it 
cool down to ~40°C 
− Clean a glass plate (or petri dish) with EtOH 
− Dip filters in agarose, put them on glass 
plate or petri dish (bacteria facing up), let 
filters dry (@ 30-40°C for 10-20 min) 
− Remove filters from the glass plate by 
pipetting EtOH onto them and peel them off 
carefully 
− Air dry filters and store them @ -20°C (or go 
on with the protocol) 
− Incubate filters in 0,01 M HCl for 10 min @ 
RT  
− Wash filters in PBS and MQ (RT) 
− Prepare fresh lysozyme solution 
100 mg lysozyme   (10 mg/ml) 
1 ml 0,5 M EDTA      (pH 8) 
1 ml 1 M Tris/HCl      (pH 8) 
8 ml MQ 
− Incubate filters in lysozyme for 60 min @ 
37°C  
− Wash filters in PBS and MQ (RT) 
− Prepare fresh achromopeptidase solution 
− 2 µl Achromopeptidase-Stock + 1 ml NaCl-
Trispuffer  
− Incubate filters in achromopeptidase for 30 
min @ 37°C  
− Wash filters in MQ and EtOH (RT), let them 
air dry and store @ -20°C (or go on with the 
protocol) 
Alternatively to achromopeptidase, filters can 
also be pretreated with Proteinase K: 
− Prepare fresh Proteinase K solution 
75 µl Proteinase K stock (1:100) 
1 ml Tris/HCl, pH 8 
0.5 ml EDTA, pH 8 
8.425 ml MQ 
 
 
− Incubate filters in Proteinase K for 30 min @ 
37°C 
− Wash filters in MQ and EtOH (RT), let them 
air dry and store @ -20°C (or go on with the 
protocol) 
hybridization & tyramide signal 
amplification 
− Cut filters into pieces, label them with a 
pencil 
− Mix 300 µl (900 µl) of hybridization buffer + 
2 µl (6 µl) probe (0.5 or 1.5 ml tube, tube 
must be 2/3 filled with buffer), you can 
hybridize more filter sections in a Petri dish 
(up to ~50), but be careful that all sections 
are covered with buffer  
− Hybridize filter sections for 2 h @ 35°C (or 
up to 24 h!)  
− Prepare washing buffer 
500 µl 0,5 M EDTA (pH 8) 
1000 µl 1 M Tris/HCl (pH 7.4) 
x µl 5 M NaCl  
fill up to 50 ml with MQ 
50 µl SDS 
− Preheat washing buffer in water bath @ 
37°C 
− Wash filters in washing buffer for 20-30 min 
@ 37°C 
− Incubate filters in PBST for 45 min @ 37°C  
− Prepare 0,15% H2O2 
1000 µl 1 x PBS (or MQ)  
5 µl 30% H2O2 
− Mix 1 ml of amplification buffer + 10 µl 
0.15% H2O2 + 2 µl fluorescently labelled 
tyramide  
− Dab filters onto blotting paper to remove 
excess liquid but don’t let filters run dry 
− Incubate filters in tyramide solution for 30 
min @ 37°C in the dark 
− Dab filters onto blotting paper to remove 
excess liquid but don’t let filters run dry 
− Incubate filters in PBST for 15 min @ RT in 
the dark  
− Wash filters in MQ and EtOH (@ RT in the 
dark)  
− Let filters air dry (in the dark) 
− Embed filters in DAPI-MIX or store them @ -
20°C 
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Volumes of formamide and water for 20 ml of 
hybridization buffer, volumes of 5 M NaCl in 50 
ml of washing buffer. The Na+ concentration is 
calculated for stringent washing at 37°C after 
hybridization at 35°C. 
% formam. in 
hybridization 
buffer 
ml 
formamide 
ml water ml of 5 M NaCl 
in washing 
buffer 
20 4 10 1350 
25 5 9 950 
30 6 8 640 
35 7 7 420 
40 8 6 270 
45 9 5 160 
50 10 4 90 
55 11 3 30 
60 12 2 0 
65 13 1 0 
70 14 0 0 
Formamide concentration of probes: 
 
EUB I-III 55 % 
BET42a 55 %  competitor! 
GAM42a 55 %  competitor! 
Bet2-870 55 % 
MET1217 40 % competitor & helpers! 
AcI-1214 55 % 
PnecABD 55 % 
PnecB 60 % 
ALF968 55 % 
CF319a  55 % 
HGC69a 30-35 % 
R-BT065 55 % 
AcI-852 55 % helpers! 
AcI-840-1,2,3 30 % competitors & helpers! 
PnecC 55 % 
 
 
 
 
 
 
 
     
double hybridization 
 
After hybridization and CARD with the first 
probe filters can be stored at         –20°C or 
immediately hybridized with the second probe. 
It is also possible to use filter sections that are 
already embedded in DAPI-MIX, you just have 
to remove the cover slip and wash filters in 
excessive EtOH and MQ to remove all oil.  
− Incubate filter sections in 0.01 M HCl for 
10 min @ RT 
− Mix 300 µl (900 µl) of hybridization buffer + 
2 µl (6 µl) of the second probe  
− Hybridize filter sections for 2 h @ 35°C  
− Prepare washing buffer 
500 µl 0,5 M EDTA (pH 8) 
1000 µl 1 M Tris/HCl    (pH 7.4) 
x µl 5 M NaCl 
fill up to 50 ml with MQ 
50 µl SDS 
− Preheat washing buffer in water bath @ 
37°C 
− Wash filters in washing buffer for 20-30 
min @ 37°C 
− Incubate filters in PBST for 45 min @ RT  
− Prepare 0,15% H2O2 
1000 µl 1 x PBS (or MQ)  
5 µl 30% H2O2 
 
 
− Mix 1 ml of amplification buffer + 10 µl 
0.15% H2O2 + 2 µl fluorescently labelled 
tyramides. Here, a second fluorochrome 
must be used, e.g. Alexa488 for the first 
hybridization & Alexa546 for the second  
− Dab filters onto blotting paper to remove 
excess liquid but don’t let filters run dry 
− Incubate filters in tyramide solution for 30 
min @ 37°C in the dark 
− Dab filters onto blotting paper to remove 
excess liquid but don’t let filters run dry 
− Incubate filters in PBST for 45 min @ RT 
in the dark  
− Wash filters in MQ and EtOH (@ RT in the 
dark)  
− Let filters air dry (in the dark) 
− Embed filters in DAPI-MIX or store them @ 
-20°C 
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tyramide synthesis 
 
TYR stock 
1 ml dimethylformamide 
10 µl triethylamine (15 ml Falcon tube) 
10 mg Tyramine-HCl  
(100 µl TYRstock = 5.76 µmol l-1) 
 
Succinimidyl ester 
1 mg active ester 
100 µl dimethylformamide 
(1 mg Alexa488 = 1.6 µmol l-1) 
Esters are light sensitive and prone to 
hydrolysis. Therefore prepare shortly before 
tyramides synthesis! Cool esters on ice until 
they are used for synthesis. 
 
Synthesis 
− 100 µl Alexa488 + 25.2 µl TYR stock 
− Incubate at RT in the dark for ~12 h 
− Dilute to 1 ml with absolute Ethanol (874.8 
µl for Alexa488) 
− Make aliquots (~50 µl), store @ -20°C 
(stable for at least 1 year – in the fridge is 
also possible, but only for the aliquot you 
use) 
 
Alternatively you can desiccate tyramides for 
longer storage 
− Desiccate aliquots in a freeze dryer or 
under vacuum at room temperature. 
Desiccated tyramides are stable for years 
@ -20°C. 
− For use, reconstitute desiccated tyramides 
with 50 µl MQ or DMF containing 20 mg 
ml-1 p-iodophenylboric acid (IPBA). IPBA 
will enhance the CARD-FISH signal! 
Caution: Alexa350-labeled tyramides 
should be dissolved in MQ and stored in 
the fridge; tyramides dissolved in DMF can 
be stored in the freezer. 
 
Other fluorochromes: 
100 µl Alexa546 + 14.7 µl TYR stock 
100 µl Alexa633 + 13.1 µl TYR stock 
500 µl Alexa350 + 193 µl TYR stock (5 mg 
active ester + 500 µl DMF) 
10 ml Carbofluorescein + 3.3 ml µl TYR stock 
(100 mg ester + 10 ml DMF) 
 
material 
 
Filtration device  
Falcon tubes (15 ml, 50 ml) 
Eppendorf tubes (0.5 ml, 1.5 ml) 
Petri dishes  
Glass plate 
Blotting paper 
Slides & cover slips 
Pipettes 
Scalpel 
Forceps 
Hybridization oven & water bath 
 
solutions 
 
20% PFA: 100ml 
Heat 90 ml MQ @ 60°C  
Solve 20 g PFA (cover vessel) 
It dissolves more quickly if you add some 
drops of NaOH  
10 ml 10X PBS 
Adjust pH to 7.2 
Cool down to +4°C 
Filter sterile 
Store @ -20°C (or +4°C for several days) 
Freshly prepared PFA is even better 
 
0.1 % Agarose: 200 ml 
0.2 g Agarose 
200 ml MQ 
Stir and heat until agarose is completely 
dissolved 
Storage @ RT, melt it before use (microwave) 
 
10 % Blocking reagent:  
Prepare buffer 
0.15 M NaCl (0.438g) 
0.1 M maleic acid (0.5805g) 
50 ml MQ 
Adjust pH to 7.5 
Filter sterile 
50 ml buffer 
5 g Blocking reagent 
Stir & heat until it is completely dissolved 
Store @ -20°C or +4°C (several days) 
 
Proteinase K solution  
75 µl Proteinase K stock (1:100) 
1 ml Tris-HCl, pH 8 
0.5 ml EDTA, pH 8 
8.425 ml MQ 
 
Achromopeptidase stock (30 KU) 
40 mg (100 KU) 
3.3 ml MQ 
Aliquote 
Store @ -20°C 
Achromopeptidase solution 
2 µl Achromopeptidase stock 
1 ml NaCl-Tris buffer 
Prepare fresh  
 
1 x PBS, pH 7.6: 1l 
8 g NaCl 
0.2 g KCl 
1.44 g Na2HPO4 
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0.24 g KH2PO4 
1000 ml MQ 
Adjust pH to 7.6  
Autoclave 
Store @ RT 
 
10 x PBS, pH 7.6: 
Ten times more, for example 500ml:  
40 g NaCl 
1 g KCl 
7.2 g Na2HPO4 
1.2 g KH2PO4 
500 ml MQ 
Adjust pH to 7.6  
Autoclave 
Store @ RT 
 
0.01% PBST, pH 7.6: 500 ml 
500 ml 1 x PBS 
50 µl Triton X-100 
Store @ RT 
 
Lysozyme solution: 10 ml 
100 mg Lysozym   (10 mg ml-1) 
1 ml 0,5 M EDTA 
1 ml 1 M Tris/HCl 
8 ml MQ 
Prepare fresh 
 
NaCl-Tris buffer, pH 8: 50 ml 
100 µl 5 M NaCl 
500 µl 1 M Tris/HCl 
Fill to 50 ml with MQ 
Adjust pH to 8  
Filter sterile 
Store @ RT 
 
5 M NaCl: 400 ml 
116.884 g NaCl 
400 ml MQ 
Autoclave 
Store @ RT 
 
1 M Tris-HCl, pH 7.4 / pH 8: 100 ml 
15.76 g Tris-HCl 
100 ml MQ 
Adjust pH to 7.6 or 8 
Autoclave 
Store @ RT 
 
0.5 M EDTA, pH 8: 100 ml 
14.612 g EDTA 
100 ml MQ 
Adjust pH to 8 
Stir until it is completely dissolved (after pH 
adjustment it’s more easy) 
Autoclave 
Store @ RT 
 
10 % SDS: 50 ml 
5 g SDS 
50 ml MQ 
Dissolve @ 40°C 
Filter sterile 
Store @ RT 
 
0.15% H2O2: 
1 ml 1 x PBS (or MQ) 
5 µl 30% H2O2  
Prepare fresh 
 
DAPI-Mix, pH 9: 
5 x Glycerol (e.g. Citiflour) 
1 x Vectashield 
1 x PBS 
1 µg DAPI ml-1  
Adjust pH to 9 
Store @ +4°C in the dark 
 
Amplification buffer: 
4 ml 10 x PBS 
16 ml 5 M NaCl 
4 g dextran sulfate  
Stir & heat (~40°C) until it is completely 
dissolved  
Cool down to +4°C 
0.4 ml blocking reagent 
Fill up to 40 ml with MQ 
Store @ +4°C (several weeks) 
 
Hybridization buffer (20 ml)  
3600 µl 5 M NaCl 
400 µl 1 M Tris/HCl (pH 7.4) 
2 g dextran sulfate 
Stir & heat (~40°C) until it is completely 
dissolved  
Cool down to +4°C 
x ml MQ (table X) 
x ml formamide (table X) 
2000 µl Blocking reagent 
20 µl SDS 
Aliquote 
Store @ -20°C 
 
Washing buffer 
500 µl 0.5 M EDTA 
1000 µl 1 M Tris/HCl 
x µl NaCl (table X) 
fill to 50 ml with MQ 
50 µl SDS 
 
ORDERING INFORMATION 
 
Agarose  
SeaKem LE agarose 
BMA (BioWittaker Molekular Applications) 
www.bmaproducts.com 
# 50001 (25 g) 
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Triton X-100 
Sigma-Aldrich Co www.sigmaaldrich.com 
# 93426 
 
SDS 
Sigma-Aldrich Co www.sigmaaldrich.com 
# 71725 (50 g) 
 
EDTA 
Sigma-Aldrich Co  www.sigmaaldrich.com 
# 03677 
 
Blocking reagent  
Roche Diagnostics GmbH 
www.roche-applied-science.com 
# 1096176 (50 g) 
 
Maleic Acid 
Sigma-Aldrich Co www.sigmaaldrich.com 
# 63180 (100 g) 
 
Dextran sulfate 
Sigma-Aldrich Co www.sigmaaldrich.com 
# D8906 (100 g) 
 
Formamide 
Sigma-Aldrich Co www.sigmaaldrich.com 
# 47671 (250 ml) 
 
30% H2O2  
Sigma-Aldrich Co www.sigmaaldrich.com 
# H1009 (5 ml) 
 
Lysozym 
Sigma-Aldrich Co www.sigmaaldrich.com 
# L7651 (10 g) 
 
Achromopeptidase 
Sigma-Aldrich Co www.sigmaaldrich.com 
Enzyme commission Number (EC): 3.4.21.50 
# A3547 (100 KU) 
 
HRP-labeled Probes 
ThermoHybaid 
www.thermohybaid.de  
 
Paraformaldehyde 
Sigma-Aldrich Co www.sigmaaldrich.com 
# 76240 (250 ml) 
 
Citifluor AF1 
Linaris Biologische Produkte www.linaris.de 
# E6016BG (25 ml) 
 
Vectashield 
Linaris Biologische Produkte www.linaris.de,                               
# H-1000 (10 ml) 
 
DAPI 
Sigma-Aldrich Co www.sigmaaldrich.com 
# D9542 (10 mg) 
 
N,N-Dimethylformamide  
Sigma-Aldrich Co www.sigmaaldrich.com 
# D4551 (250ml) 
 
 
4-Iodophenylboronic acid 
Sigma-Aldrich Co, www.sigmaaldrich.com 
# 47, 193-3 [5122-99-6] 
 
Triethylamine  
Sigma-Aldrich Co www.sigmaaldrich.com 
# 90335 (100 ml) 
 
Tyramine HCl  
Sigma-Aldrich Co www.sigmaaldrich.com 
# T2879-1gr 
 
Fluorochromes 
Invitrogen  
www.invitrogen.com   
e.g. Alexa 488 succinimidyl esther  
# A 20000 (1 mg)  
 
Absolute Ethanol 
Merck 
www.merck.ch 
# 100986 (1000 ml)  
 
Polycarbonate filters 
Millipore 
www.millipore.com 
White, 45 mm diameter, 0.2 µm pore size: # 
GTTP04700 
White, 25 mm diameter, 0.2 µm pore size: # 
GTTP02500 
 
Supporting filters 
Sartorius AG 
www.sartorius.com 
47 mm diameter, 0.45 µm pore size: 
# 11306-47-N 
25 mm diameter, 0.45 µm pore size: 
# 11306-25-N 
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 Commonly used oligonucleotide probes targeting freshwater bacteria. 
Probe Specificity Sequence (5’ to 3’) 
Target site 
(rRNA, 5’ position) 
FA 
% Reference 
General probes     
EUB I-III Bacteria GCW GCC WCC CGT AGG WGT 16S, 338 55 Daims et al. 1999 
ALF968 Alphaproteobacteria GGT AAG GTT CTG CGC GTT 16S, 968 55 Neef 1997 
BET42a Betaproteobacteria GCC TTC CCA CTT CGT TT 23S, 1033 55 Manz et al. 1992 
BET42a-C Competitor for BET42a GCC TTC CCA CAT CGT TT 23S, 1027 55 Manz et al. 1992 
GAM42a Gammaproteobacteria GCC TTC CCA CAT CGT TT 23S, 1027 55 Manz et al. 1992 
GAM42a-C Competitor for GAM42a GCC TTC CCA CTT CGT TT 23S, 1033 55 Manz et al. 1992 
CF319a Cytophaga-Flavobacteria 
(Bacteroides) 
TGG TCC GTG TCT CAG TAC 16S, 319 55 Manz et al. 1996 
HGC69a Actinobacteria TAT AGT TAC CAC CGC CGT 23S, 1907 30 Roller et al. 1994 
Specific probes     
AcI-840-1 Subcluster of acI lineage of 
Actinobacteria 
TCG CAC AAA CCG TGG AAG 16S, 840 30 Warnecke et al. 
2005 
AcI-840-2 Subcluster of acI lineage of 
Actinobacteria 
TCG CAG AAA CCG TGG AAG 16S, 840 30 Warnecke et al. 
2005 
AcI-840-3 Subcluster of acI lineage of 
Actinobacteria 
TCG CAC AGA CCG TGG AAG 16S, 840 30 Warnecke et al. 
2005 
AcI-840-H1 Helper 1 for AcI-840  CTA GYG CCC AYC GTT TAC GG 16S, 810 30 Glöckner et al. 2000
AcI-840-H2 Helper 2 for AcI-840  GTT CSC ACA ACT AGY GCC CA 16S, 820 30 Glöckner et al. 2000
AcI-840-H3 Helper 3 for AcI-840  GGG GCR CTT AAT GCG TTA GCT G 16S, 859 30 Glöckner et al. 2000
R-BT065 Cluster within beta I lineage 
of Betaproteobacteria 
GTT GCC CCC TCT ACC GTT 16S, 65 55 Šimek et al. 2001 
Bet2-870 Beta II lineage of 
Betaproteobacteria 
CCC AGG CGG CTG ACT TCA 16S, 870 55 Burkert et al. 2003 
MET1217 Beta IV lineage and relatives 
(Betaproteobacteria) 
TTA CGT GTG AAG CCC TGG 16S, 1217 40 Friedrich et al. 2003
MET1217 C Competitor for MET1217 TGA CGT GTG AAG CCC TGG 16S, 1217 40 Friedrich et al. 2003
H979 Helper 1 for MET1217 CAA GGC CAG GTA AGG 16S, 979 40 Friedrich et al. 2003
H1199 Helper 2 for MET1217 CCA TAA GGG CCA TGA GGA 16S, 1199 40 Friedrich et al. 2003
H1235 Helper 3 for MET1217 GTA CCG ACC ATW GTA 16S, 1235 40 Friedrich et al. 2003
PnecABD-
445 
Subclusters PnecA, B, D of 
beta II 
GAG CTG CTG TTT CTT CCC 16S, 445 55 Hahn et al. 2005 
PnecC-445 Subcluster PnecC GAG CCG GTG TTT CTT CCC 16S, 445 55 Hahn et al. 2005 
PnecD1-181 Part of subcluster PnecD TTT CCC CCT AAG GGA TT 16S, 181 35 Hahn et al. 2005 
PnecD2-181 Part of subcluster PnecD TTT CCC CCT TAG GGA TT 16S, 181 35 Hahn et al. 2005 
PnecA1-151 Part of subcluster PnecA TTA CCG CAA CTT TCG CTG 16S, 151 35 Wu et al. 2006 
PnecA2-151 Part of subcluster PnecA TTA TCG CAA CTT TCG CTG 16S, 151 35 Wu et al. 2006 
PnecB-23S-
166 
Subcluster PnecB GTT CGC TCC ACA CAC CCT 23S, 166 60 Wu et al. 2006 
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O T H E R   P R O T O C O L S 
bacterial bulk activity 
Triplicates: 5 ml of sample    
Duplicates: 5 ml of prefixed sample  
− Add 20 nM tritiated tracers (e.g. [3H]-
Thymidin, [3H]-Leucine, [3H]-amino acids,…) 
− Incubate for 1-2 h @ in situ temperature in 
the dark 
− Fix with 300 µl Formaldehyde (35%) or 500 
µl of PFA (20%) for 1 h @ RT or over night 
@ +4°C 
− Filter samples at low pressure (<200 mm 
Hg) onto nitrocellulose filters (0.2 µm pore 
size) 
− Wash filters twice with 3 ml of ice-cold TCA 
(5%) 
− Wash filters twice with 3 ml of ice-cold EtOH 
(80%) 
− Let filters air dry, store @ -20°C 
− Put filters in 5 ml scintillation vials  
− Add 0.5 ml Ethyl acetate (filters must be 
completely covered) 
− Let filters dissolve over night 
− Vortex samples 
− Add 4 ml of scintillation cocktail 
− Vortex thoroughly 
− Put samples in scintillation counter 
− Start the appropriate program for [3H]  
− Wait for the output of dpms (disintegrations 
per minute)… 
− Calculation of incorporation of radiolabeled 
tracers: 
( )
VtSA
UINC ××
××=
−13105.4
 
where: 
INC…incorporation of radiolabeled tracer 
(mmol l-1 h-1) 
U.….dpm (mean of triplicates – controls) 
4.5 x 10-13…conversion factor (dpm to Ci) 
SA….specific activity (Ci mmol-1) 
t …incubation time (h) 
V…..Sample volume filtered (l) 
− For thymidin incorporation, you can 
calculate newly produced cells, growth 
rates and doubling times: 
183 102××−= THYHmolCellsnew  
where: 
Cellsnew...newly produced cells (cells l-1 h-1) 
2 x 1018…conversion factor 
0
0
N
CellsN new+=μ  
where: 
µ…bacterial growth rate 
N0…bacterial abundance 
μ
2ln=dt  
where: 
dt…bacterial doubling time 
− For leucine incorporation, you can 
calculate total bacterial production: 
286.0
073.0
2.1313 ×××−= LeuHmolBP  
where: 
BP…….bacterial production (g C l-1 h-1) 
131.2…molecular weight for leucine 
0.073…%LEU (% leucine of all proteins) 
0.86…..C/PROTEIN( cellular C:proteins) 
2 ……..isotope dilution 
 
M A R – F I S H 
Triplicates: 2-5 ml sample 
1 prefixed control sample 
− Add 20 nM tritiated tracers (e.g. [3H]-
Thymidin, [3H]-Leucine, [3H]-amino 
acids,…) 
− Incubate for 2 h @ in situ temperature in 
the dark 
− Fix with 500 µl of PFA (20%) for 1 h @ RT 
or over night @ +4°C 
− Filter x ml sample onto white 
polycarbonate-filters (0.2 µm pore size + 
supporting filter, 0.45 µm pore size), rinse 
with MQ, let air dry, store @ -20°C 
− CARD-FISH… 
− Cut off one corner of a glass slide, clean it 
with EtOH 
− Dip slide into molten 2% agarose and 
place hybridized filter sections with the 
bacteria facing upwards onto it (you have 
to work fast – agarose hardens quickly). 
Eight or even more filter sections can be 
placed on one slide 
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− Dry agarose @ ~40°C 
− Glass slides with attached filter sections 
can be stored at -20°C 
− Heat emulsion for 30-60 min in a water 
bath @ 43°C 
− Get ice (or a precooled aluminium block), 
prepare boxes with silica gel & aluminium 
foil, cleaning tissues, and a forceps 
− Turn off the lights 
− Put the first slide in the emulsion, close the 
tube and gently agitate it for several 
seconds so that the whole slide is covered 
with emulsion 
− Take out slide with forceps 
− Clean back of the slide with a tissue 
− Put slide for ~10 min at the aluminium 
block for hardening of the emulsion 
− Get on with the next slide… with one 
aliquot of emulsion (20 ml), up to 20 slides 
can be processed at once 
− Put slides in boxes, wrap them with 
aluminium foil 
− Turn on the lights 
− Expose slides for 2-4 days (depending on 
the activity status) @ +4°C (in the dark!!) 
development of samples 
− Fill up 4 containers with 
1. Developer (diluted 1:1 with MQ) 
2. MQ 
3. Fixer 
4. Tab water 
− Turn off the lights 
− Take slides out of the boxes & put them in 
a rack 
− Put rack in developer for 2 min 
− Put rack in MQ for 10 sec 
− Put rack in fixer for 5 min 
− Put rack in tab water for 5 min 
− Turn on the lights 
− Let slides air dry 
− Embed slides in DAPI-MIX 
 
material  
 
Aluminium block (or ice) 
Boxes (e.g. filter boxes) 
Silica gel 
Scintillation tubes or Falcon tubes 
Storage tubes for glass slides 
Glass slides & cover slips 
Forceps 
Tissues 
 
solutions 
 
2 % Agarose (200 ml) 
4 g Agarose 
200 ml MQ  
Stir & heat until agarose is completely 
dissolved 
Storage @ RT, melt it before use 
 
Autoradiography emulsion  
Dilute with 0.2 % agarose 1:1 (in the dark!) 
Fill in storage tubes for slides (20 ml) 
Wrap tubes with aluminium foil 
Storage @ +4°C (several months) 
 
0.2 % Agarose (200 ml) 
0.4 g Agarose 
200 ml MQ  
Stir & heat until agarose is completely 
dissolved 
Storage @ RT, melt it before use 
 
ordering information 
 
Kodak NTB autoradiography emulsion 
Integra biosciences,          www.integra-
biosciences.de 
# IB05666 
 
Dektol Developer 
Sigma-Aldrich Co, www.sigmaaldrich.com 
# P6917-1GA 
 
Kodak Fixer 
Sigma-Aldrich Co, www.sigmaaldrich.com 
# P6557-1GA 
 
Radiolabeled tracers 
Amersham, 
www.gehealthcare.com/amershamrads 
 
Storage tubes for glass slides 
Klösch Laborbedarf, Tel: 0043 01 4925185 
# 10-00120 
 
Nitrocellulose filters 
Millipore  
www.millipore.com 
White, 25 mm diameter, 0.22 µm pore size: # 
GSWP02500 
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cloning & sequencing (16S rRNA) 
− Prefilter 1l of unfixed sample over 8 µm 
polycarbonate filters  
− Filter as much volume as possible onto 0.2 
µm polycarbonate filters  
− Store filters at -80°C 
filter PCR: 
− For 1 reaction you need: 
10 µl 10x PCR buffer with MgCl2 
10 µl BSA (stock: 3 mg ml-1) 
10 µl dNTPs (2.5 mM each) 
0.5 µl Taq polymerase (2.5 U) 
0.4 µl primer GM3F (stock: 50µM) 
0.4 µl primer GM4R (stock: 50µM)  
68.7 µl PCR-MQ 
100 µl 
− Use a small (~1mm2) piece of biomass filter 
as template for the PCR 
normal PCR with prior DNA isolation: 
− use the power soil isolation kit (MOBIO), 
follow the instructions, except: elute DNA 
with 50 µl of PCR-MQ instead of solution C6 
− For 1 reaction you need: 
22.5 µl Platinum SuperMix High Fidelity  
0.75 µl primer GM3F  
0.75 µl primer GM4R  
0.5-2 µl Template 
~25 µl 
− For a higher amount of product, make 5 
replicate PCRs and pool them afterwards 
 
− Cycle conditions: 
1. 94°C – 5 min 
2. 94°C – 1 min 
3. 48°C – 1.5 min 
4. 72°C – 2 min 
 Go to 2 and repeat 28 times 
5. 72°C – 10 min 
− Prepare agarose gel (0.8-1%) to check for 
~1.5 kb products: 
4 µl 1kb ladder 
4 µl PCR product + 2 µl loading buffer 
75 V, ~30 min (small chamber) 
stain with EthBr for ~15-20 min 
− Use the QIAquick PCR purification kit (follow 
the instructions, except: elute in 30 µl 
prewarmed PCR-MQ)  
Alternatively you can also cut out bands from 
the gel (use wider combs, more PCR-product 
[8 µl] & two slots for each PCR-product) and 
use the QIAquick gel extraction kit instead… 
− Measure DNA concentration  
ligation & transformation: 
− Prepare LB agar with Ampicillin, IPTG & X-
Gal, 500 ml is enough for ~20 plates. Dry 
plates and prewarm them @ 37°C 
− Use the TOPO TA cloning kit and follow the 
manufacturers’ manual,   
− Be very careful during ligation and 
transformation: do not mix reaction by 
pipeting up & down, do not vortex! 
− Ligation can/should be prolongued to 30 min 
@ RT 
− Spread 40-80 µl from each transformation 
onto triplicate prewarmed agar plates and 
incubate over night @ 37°C 
− Pick WHITE clones with autoclaved 
toothpicks and transfer them to a master 
plate and 100 µl LB medium + ampicillin 
(use 96 well plates) 
− Incubate over night @ 37°C 
− For long-term storage of clone libraries, add 
glycerol (25% f.c.) and store @ -20°C (or -
80°C) 
screening of clone libraries: 
− Check for inserts by PCR with primers M13F 
& M13R 
− For 1 reaction you need: 
1 µl 10x PCR buffer without MgCl2 
0.3 µl MgCl2 
0.2 µl dNTPs  
0.05 µl Taq polymerase  
0.3 µl primer M13f  
0.3 µl primer M13r  
1 µl template 
6.85 µl PCR-MQ 
10 µl 
− As template use over night grown clones (in 
LB medium) which are repeatedly frozen 
and thawed to crack the cells 
− Cycle conditions: 
1. 95°C – 4 min 
2. 95°C – 30 sec 
3. 60°C – 30 sec 
4. 72°C – 2 min 
 Go to 2 and repeat 29 times 
5. 72°C – 10 min 
− Prepare agarose gel (0.8%) to check for 
~1.5 kb products 
− Use the QIAprep spin Miniprep kit for 
preparation of vectors, follow the 
manufacturers protocol, except: elute DNA 
with 30 µl prewarmed (65°C) PCR-MQ, let 
stand for ~5 min and centrifuge afterwards 
Measure DNA concentration  
appendix - protocols 
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sequencing reaction: 
− For 1 reaction you need: 
1 µl 2.5x buffer 
1 µl BigDye 
0.1 µl primer M13f (stock: 50µM) 
0.5 – 2 µl template (5-10 ng DNA) 
Add up to 5 µl with PCR-MQ 
5 µl 
− Cycle conditions: 
1. 96°C – 10 sec 
2. 50°C – 5 sec 
3. 60°C – 4 min 
 Go to 2 and repeat 39 times 
4. 21°C – 30 sec 
− Purification of sequencing reaction with 
Sephadex G-50 Superfine plates following 
the manufacturers instructions 
− Ready for sequencing!! 
 
solutions: 
0.8% agarose gel  
0.48 g agarose 
60 ml 1 x TAE buffer 
10 x TAE buffer 
 12.11 Tris (4 M) 
 13.61 g Na Actetat (1 M) 
 37.22 g EDTA (0.1 M) 
 1000 ml MQ 
 Adjust pH to 8 
LB agar (~20 plates) 
5 g Tryptone 
2.5 g Yeast extract 
5 g NaCl 
7.5 g Agar 
500 ml MQ 
Autoclave, let cool down 
Add: 100 µg ml-1 Ampicillin 
0.5 mM IPTG 
80 µg ml-1 X-Gal 
1 x LB medium 
10 g Tryptone 
5 g Yeast extract 
10 g NaCl 
1000 ml MQ 
Autoclave, let cool down 
Add: 100 µg ml-1 Ampicillin 
Ethidium bromide stock (1 mg ml-1) 
 0.05 g EthBr 
 50 ml MQ 
Dilute to working solution (0.4 µg ml-1): 
200 ml stock + 500 ml MQ 
Primer sequences: 
− GM3F (16S) 
5’-AGA GTT TGA TCM TGG C-3’ 
− GM4R (16S) 
5’-TAC CTT GTT ACG ACT T-3’ 
− M13F (vector) 
5’-GTA AAA CGA CGG CCA G-3’ 
− M13R (vector) 
5’-CAG GAA ACA GCT ATG AC-3 
− GM1F (16S) – for full length sequences 
5’-CCA GCA GCC GCG GTA AT-3’ 
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…so long and thanks 
for all the FISH! 
 
 
….and now for something completely different…. 
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Hell – is sitting on a hot stone reading your own scientific publications 
 
Eric Ursin, fish biologist  
(taken from: Sand-Jensen K (2007) How to write consistently boring scientific 
literature. Oikos 116: 723-727) 
 
 
 
 
 
 
 
 
 
Hab nun, ach! die Philosophey,  
Medizin und Juristerey 
Und leider auch die Theologie 
Durchaus studirt mit heisser Müh. 
Da steh ich nun, ich armer Thor,  
Und binn so klug als wie zuvor. 
 
 
J. W. Goethe, Faust Teil I, slightly modified… 
 
Ökologie und Saisonalität von Bakterien 
Molekularbiologie 
Limnologie 
